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March 1, 1980-March 1, 1981 
TITLE OF CONTRACT: 
	
The Characterization of High Tempera- 
ture Vapors of Import to Combustion 
and Gasification Processes in the 
Energy Technologies 
PLACE OF WORK: 	 Georgia Institute of Technology 
Department of Chemistry 
Atlanta, Georgia 30332 
PRINCIPAL INVESTIGATOR: 	James L. Gole 
SCOPE OF CURRENT EFFORTS  
Low tolerance levels for certain species in process streams impose 
stronger requirements for reliable thermodynamic and kinetic data in order 
to predict low level species concentrations. In addition, there must be 
serious concern focused on whether or not these systems are best represented 
via equilibrium or non-equilibrium models. We have been concerned with the 
characterization of important processes in these inherently high temperature 
systems through application of chemiluminescent and laser fluorescent techni-
ques to the determination of bond energies, spectroscopic constants, and 
rapid energy transfer processes. Our focus has been on the monohydroxides 
of sodium and potassium and the oxides and sulfides of select metals including 
SiO, SiS, Na 2 0, and NaO. We have investigated and are continuing to investi-
gate non-equilibrium routes for the formation of these compounds and have 
carried out some kinetic parameterization. In addition, we have been engaged 
in the study of rapid energy transfer routes among the electronic states of 
high temperature molecules. Thus far these studies have indicated that both 
V-E and E-E energy transfer can occur at rates which may approach 500 times 
-2- 
the calculated gas kinetic rate. These surprising results demonstrate that 
vibrationally and/or electronically excited high temperature molecules act as 
if they were "large" and "diffuse" entities capable of significant interaction 
at very long range. The rapid energy transfer is a general phenomenon and 
effects have been observed in several molecules including SiO and KOH. The 
observation of such rapid energy transfer has significant implications for the 
modeling of energy generating systems and the characterization of heat flow in 
these systems. The nature of the rapid energy transfer means that both kinetic 
reaction rate data and energy transfer data must be included in order to obtain 
a realistic modeling of an energy generating system. 
Our research effort has been divided into four task areas which may be 
summarized as follows: 
Task I: 	Studies on SiO including the characterization of the 
M-N20, and Si-03 reactions. 
Task II: 	Studies on SiS including the characterization of dynamic 
constraints for the Si-OCS reaction and an investigation 
of the Si-S2 reaction. 
Task III: 	Production and characterization of KOH and NaOH. This 
work includes the extensive calibration of an optical 
multichannel analyzer for the analysis of the KOH emisssion 
spectrum and the ready use of this device at the Morgan-
town Energy Technology Center. This work has also included 
the determination of stringent lower bounds to the K-OH 
and Na-OH bond energies. 
Task IV: Characterization of further systems commensurate with 
the mutual agreement of DOE Morgantown and the Principal 
Investigator. 
This task has included: 
i) A major preliminary effort has involved the construc-
tion of an appropriate apparatus for the study and 
0 
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characterization of Na 2
0 using laser induced fluorescence 
spectros. A significant component of spectra have 
been obtained using argon ion laser induced fluorescence. 
This work which is summarized elsewhere,
1,2 
has lead to 
the tentative determination of ground state constants. 
ii) Initial efforts have been made to generate spectra for 
the alkali monoxides and monosulfides NaO, NaS, KO, and 
KS. Preliminary spectra have been obtained under a variety 
of experimental conditions. 
iii) The investigation of ultrafast energy transfer routes 
in high temperature molecules. 
iv) In collaboration with the Morgantown Energy Technology 
Center, we have recently characterized the methane-fluorine 
combustion system. 
In carrying out the effort outlined above, we have formulated and made 
available to the support research branch of the Morgantown Energy Technology 
Center C1) extensive computer programs for the calculation of molecular 
electronic spectra., (2) a users manual for the calibration and operation of 
an optical multichannel analyzer system, (3) extensive computer programs for 
the normal coordinates analysis of polyatomic molecules, and (4) detailed 
apparatus designs. 
UNDER TASK I  
(i) We have continued our investigations of the chemiluminescent 
emission from the "single collision" bimolecular metathesis Si + N 20 
SiO + N 2. Recall that the experimental spectrum (see Figures 1-3, Final 
Report for July 1, 1979-March 1, 1980, henceforth referred to as R-1) con-
sists of emission from the b
3II, a 3Z+ , and AlII systems of SiO. Previous 
analysis of the b
3  II system indicated a strongly non-equilibrium product 
distribution (based on spectral computer simulation--Figures 1, 4-R1). 
This work has now been extended to the A
1 11 system where appropriate 
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instrument calibrations have been completed and the analysis of the population 
distribution for the A
1
II system is virtually complete. As noted previously 





systems is that we have apparently studied the process 







3 1 	+ N2 (v" > 5) 
	
(1) 
In other words, the reaction of silicon with N20 is so fast that the 
N-N bond length is left virtually intact as an oxygen atom is ripped off 
from N 20. This is a very surprising and intriguing result for these highly 
exothermic metatheses (see also discussion R1). Its consequence is to 
leave the nitrogen molecule in a state of high vibrational excitation. In 
response to the apparent observation of the process (1), two approaches 
toward elucidation have been taken: (1) Several experimental schemes have 
been developed in an attempt to find direct spectroscopic evidence for 
formation of vib .rationally excited N 2 molecules resulting from the process 
(1). (2) Comparisons have been made with several other M-N 20 metatheses 
and the Ti-N20 and Al-N 20 have been characterized more carefully. 
Our results thus far indicate that similar effects are observed in 
all M-N 20 reactions and that this unusual energy balance and product 
partitioning may be characteristic of several fast processes occurring 
in high temperature systems. Among other factors this result has important 
implications for the understanding of energy partitioning in these systems. 
Word done thus far to elucidate vibrational excitation is summarized in 
Appendix A. 
(ii) As noted previously (R-1), the Si-03 reaction is also charac-
terized by intriguing dynamic constraints closely tied to spin conservation 
-5- 
in chemical reaction. It appears that we have observed chemiluminescent 
emission corresponding to the processes 













The chemiluminescent emission from the single collision silicon-ozone 
reaction is extremely complicated and overlapped. In order to aid in the 
interpretation of the single collision studies, we have carried out a multiple 
collision study at Ptotal 	
2 torr (10 -+ 50 p 03 , 2 torr ultrahigh purity 
argon). The resulting spectrum, shown as the lower scan in Figure 1, cor-
responds primarily to the A
1
II system of SiO; however, our spectral calibration 
done for the Si-N 2 0 reaction (SiO*  emission from A
13
E) indicates that 
there are unusual intensity distributions at wavelengths shorter than A = 






band system. We 
are currently involved in careful studies of the Si-0 3 reaction over the 
pressure range from single to multiple collision conditions (note indication 
of initial efforts in R-1). The results of this study thus far indicate 
the presence of rapid energy transfer routes characterizing the products 
of the silicon ozone reaction. In other words, the unusual product dis-
tribution which must lead to the anomalous intensity distribution at A 
3000 A in the SiO spectrum is closely tied to energy transfer' among SiO 
electronic states proceeding at rates at least comparable to those expected 
for gas kinetic processes. In order to carefully unravel the SiO systems, 
these very fast processes are being studied over a wide pressure range. 
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The parameterization required to obtain a good fit to the SiO spectrum 
in Figure 1 provides us with (1) considerable additional information on 
several levels of the ground and excited states of SiO, and (2) important 
information on rapid energy transfer routes in this molecule. 
Finally, we should note that we are attempting to definitively establish 




) - 0 2 (
3
E g ) emission in the Si-0 3 system (see 
discussion in R-1). Attempts to observe this emission have not yet been 
successful; however, a new red sensitive detection system which will be used 
to study the Si + 0 3 and K2 + H2 02 reactions has been delivered to the labora-
tory and we anticipate successful detection with this device. 
Given the completion of the projects outlined in (i) and (ii) above 
(see also Appendix A), we anticipate that a lower bound to the SiO dis-
sociation energy will be determined. 
UNDER TASK II  
(i) Under this task, we have already studied the Si-OCS reaction and 
evaluated a lower bound to the SiS dissociation energy (see R-1 pg. 5, 6 
and reprints included with R-1). Further work involving Task II has now 
been carried out. The SiS a
3 E+ 	
1 E
+ band system characterizng the Si-OCS 
reaction has been analyzed using an appropriate computer simulation program 
written in our laboratory (see R-1, Figures 6, 7). The resultant SiS popu-
lation distribution was found to be close to Boltzmann at 645 K (Figure 2) 
indicating surprising thermalization. This result seemed to indicate that 
a long-lived complex was formed in the OCS reaction with silicon. In an 
attempt to elucidate this process furhter, we have attempted to assess 
whether significant dynamic constraints are operative in the Si-OCS reaction. 
In order to do this, we have carried out a surprisal analysis. Here one 
-7- 
compares the observed experimental distributions found of the Si-OCS reaction 
and the relative rates for ;:ormdcion of produCt mAecules in the populated 
levels of the b
3E+ state with a "prior" distribution calculated on the basis 
of the completely statistical population of levels. In other words, the 
prior distribution assumes no dynamic constraints. In order to make this 
comparison we have derived the appropriate expressions for the determination 
of "prior rates for formation of excited ro-vibronic states." This deriva-
tion is given in Appendix B. The results of this analysis for the distribu-
tion shown in Figure 2 are given in Figure 3. In the Figure k
v
, corresponds 




+ state (open triangles), f v ' corresponds to the fraction of 
energy in vibration ( squares), and the open circles denote the surprisal defined 
as -kn(k
v 
 -/k° -) where 0- is calculated from the derivation in Appendix B. 
If a reaction proceeds with no dynamic constraints a horizontal line should 
be obtained from the surprisal. Figure 3 demonstrates that this is clearly 
not the case and that although a long-lived complex may be formed, there 
are further important factors strongly controlling this reaction. 
(ii) A reasonably well defined dimeric sulfur source has been developed 
in the laboratory; however, the results obtained using this source add little 
to the knowledge obtained from the Si-OCS reaction. 
UNDER TASK III  
KOH is one of the most important constituents in the high stress 
environments characterizing energy generating systems. The first electronic 
emission spectrum for this molecule was obtained in our laboratory (see R-1). 
The spectrum which correlates closely with emission spectra observed for the 
KC1 and KBr molecules most likely corresponds to a progression in the K-OH 
-8- 
stretch. Each of the major vibrational features also appears to be characterized 
by further vibrational fine structure which we tentatively attribute to the KOH 
bending motion. 
We have been concerned with the optimization of an appropriate system 
involving the potassium-hydrogen peroxide (95%) flame so as to obtain much 
higher resolution spectra for KOH. Because there are problems in maintaining 
a stable potassium beam and signals are weak, we have of necessity determined 
that an optical multichannel analyzer represents the most logical device for 
characterizing the KOH spectrum. This device combines the best aspects of 
both electrooptical and film (plate) detection. 
While calibration of the system at first appeared straightforward, 
several procedures were tried before a satisfactory calibration scheme could 
be augmented. We have generated an appropriate manual which outlines the 
rules for calibrating response characteristics and obtaining reliable spectra 
at the resolution needed. This manual is now in the hands of Dr. Kent 
Castleton at DOE Morgantown; a copy is also included in Appendix C. 
In addition to our efforts with the multichannel analyzer system, we 
have engaged in further thrusts to obtain a stabilized KOH flame by pro-
ducing the radical under a variety of flame conditions. The detailed results 
of these efforts are summarized in two manuscripts reproduced in Appendices 
D and E. Here we detail changes in the KOH spectrum as a function of experi-
mental conditions such that a ready comparison with results obtained for 
the alkali halides allows the determination of a stringent loWer bound for 
the KOH bond energy. As discussed in Appendices D and E, the determination 
of the KOH bond strength can be made from the KOH emission spectrum observed 
under "diffusion flame" conditions. 
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We have progressively improved diffusion flame spectra for KOH. This 
can be seen by comparing the spectra in Figure 9, Appendix D; Figure 4, 
Appendix E, and Figure 4 included with this report. The notable peak separa-
tions observed in the short wavelength onset of Figure 4 correspond closely 
with the fundamental vibrational frequency measured for KOH. The significance 
of this agreement is considered at length in Appendix E. From a KOH spectrum 
similar to that in Figure 4, we anticipate the ability to extract frequency 
separations for several levels of the ground electronic state of the KOH 
molecule. When combined with millimeter wave studies (see Appendix E) this 
data should allow a very effective mapping of the very important ground state 
parameters for KOH. For the purpose of KOH spectral analysis and for the 
study of Na 20, a computer program is now in production in our laboratory. 
An initial program for computing vibrational structure has already been given 
to Dr. Castleton. We might note in passing that the calibration procedure 
developed in our laboratory has saved the Castleton group a minimum of six 
months' effort and represents the only long range calibration procedure 
available for the system at the present time. 
We have also obtained weak "diffusion flame" spectra for NaOH from which 
a lower bound for the NaOH dissociation energy could be determined. For KOH, 
we find W, > 88.2 kcal/mole; (for NaOH, Da 	75.2 kcal/mole), notably 
higher than the currently accepted value. We anticipate that further improve-
ments in current apparatus will lead to a higher stringent lqwer bound for 
the KOH dissociation energy as well as the determination of molecular con-
stants for the ground state of KOH. 
UNDER TASK IV  
(i) We have developed an apparatus for the study of Na20. A preliminary 
Version of this work has been published and can be found in Appendix F. Further 
discussion can be found in Appendices D and E. Briefly, the following points 
are of interest: 
(a) An apparatus for the controlled vaporization of Na 20 has 
been designed. This design is now in the hands of Dr. Castleton. 
(b) A computer program for carrying out a normal coordinate 
analysis on the molecule has been written. 
(c) A computer program for spectral analysis has been made 
available to Dr. Castleton. 
(d) A significant component of spectra have been obtained 
using argon ion laser induced fluorescence. 
CO Molecular constants for the ground electronic state of 
Na 2 0 have been determined. 
ii) We have obtained a preliminary emission spectrum for Na0 
(Figure 5) and anticipate further work on this molecule when the components 
for our red sensitive detection system become operational in the laboratory. The 
spectrum was obtained through use of the Na-N 2 0 system. Similar spectra 
have also been obtained for NaS (Na-OCS) and KO (K-NO2 ). 
iii) We have investigated ultrafast energy transfer routes in high 
temperature molecules. Effects have now been observed which Lidicate energy 
transfer that proceeds'at rates which for certain levels approach 500 times 
the gas kinetic rates. Effects due to rapid energy transfer have now been 
observed in BO, SiO, KOH, ScO, and YO. Two papers on these effects have 
now been written up and reprints on ScO and on BO are enclosed 
(Appendix G) with this report. The work is summarized in the following 
abstracts. 









spectrum of ScO. This reaction has been characterized 
from 10
-5 
to 1 torr in order to study relaxation and 
rapid intramolecular E-E transfer among ScO excited states. 
At the lowest pressures, a ground state metal atom inter-
acts with a tenuous atmosphere of oxidant gas (beam-gas 
configuration). These "single collision" studies are 
extended in a controlled manner to higher pressure by 
entraining the metal atoms in argon and subsequently carry-
ing out the oxidation of this mixture. At all pressures, 
the measured B 2E+ vibrational populations follow a markedly 
non-Boltzmann distribution. At the lowest pressures, the 




 results directly from the reaction 
Sc + NO2 -÷ ScO
* + NO. At higher pressures, the B 2 E+ state 
is also populated via rapid intramolecular energy transfer 
from long-lived, weakly emitting "reservoir" states via 
the sequence Sc + NO 2 + Ar -÷ ScO(res) + NO + Ar and 
ScO(res) + Ar 	ScO(B 2 E+ ) + Ar. Spin orbit and Coriolis 




2H. reservoir states resulting in the 
observation of substantial perturbations in B2E+ . 
Collisional energy transfer is particularly efficient for 
the most strongly perturbed levels of the B
2E+ state. 
This energy transfer is manifest by the appearance of 
"extra" band heads representing normally forbidden (small 
electronic transition moment or Franck-Condon factor) 
"reservoir state"•ground state transitions which become 
allowed because of a small admixture of B
2 E+ character. 









transitions are strongly dependent on argon buffer gas 
pressure. A quantitative description of this dependence 
gives an estimate for the amount of mixing between the 




and for the rate of energy transfer 
between these two states. Collisional transfer to ScO B
2E v . = 
3 - 9 is found to proceed at rates which for certain levels 
approach 100 times gas kinetic. The effects observed in 
ScO demonstrate that the excited states of this molecule 
interact in the presence of a collision partner as if they 
were large diffuse entities. These effects are not 
pathological. This behavior may have important implications 
for the modeling of energy systems as well as the ability 
to create population inversions requisite for the cons-
truction of visible chemical laser systems. 
(b) Boron atoms react with oxygen (02 ) and nitrous oxide (N 20) 






spectrum of BO. These reactions 




torr and at 
PTotal -1 torr in order to study relaxation and the rapid 
intramolecular V-E transfer B0(X2 E
+ 
 , v' = 17) + X .4- 
BO(A2E1/2 , v' = 4) + X where X = 02 , N 20, or a combination 
of these oxidants with argon. At the lowest pressures, a 
ground state boron atom interacts with a tenuous atmosphere 
of oxidant gas (beam-gas configuration). These "single 
collision" studies are extended in a controlled manner to 
higher pressure by entraining the metal atoms in argon 
and subsequently carrying out the oxidation of this mixture. 
At all pressures the measured A2 1-1 vibrational populations 
-13- 
follow a markedly non-Boltzmann distribution. At pressures 
as low as 6 x 10
-5 
torr, the formation of BO A
2
111/2' 
v" = 4 
results from both the direct reaction B + RO BO *  + R 
and the collisional transfer B0(X2E+ ) + RO 	BO(A211) + RO. 








112 facilitating a route for rapid intra-
molecular energy transfer. This energy transfer leads to 
the observation of sharp features in the neighborhood of, 
the 130 A
2 11 - X2 E+ (4,0) band which may be correlated with 
the J' = 18.5 - 21.5 perturbed rotational levels of 
B0(A -11
1/2
) 	We characterize this phenomenon determining 
population distributions, rotational temperatures, and 
the temperature dependence (boron source) of the chemi-
luminescent emission. The effects observed in BO demon-
strate that a highly vibrationally excited ground state 
species interacts in the presence of a collision partner 
with a cross section substantially in excess of that 
expected for "gas kinetic" interaction. This behavior 
may have important implications for the modeling of 
energy systems as well as the ability to create popula-
tion inversions requisite for the construction of visible 
chemical laser systems. 
iv) Research efforts on the methane-fluorine combustion system are 
presented in Appendix H. This work is summarized in the following 
abstract: 
The chemiluminescent emission which results from excited state 
product formation upon the intimate mixing of CH4 with F2 is 
-14- 
shown to be dominated by visible emission from CH * (A2A-X2TI), 
C*2 (A311g  - 011u ), HCF* (A1A"- R 1 A") and vibrationally excited 
HFt(Xle). The corresponding reaction mixture CD 4 + F2 produces 
the deutero analogs. This study represents the first observation 
of the HCF emission spectrum from a CH4/F2 flame. The obser-
vation of the HCF A 1A 	-XAemission spectrum and the corres- 
ponding DCF system allows the unequivocal assignment of these 
visible transitions to a progression dominated by the excited 
state bending mode. Transitions (0, ui, 0) 	(0, 0, 0), 1J2 = 
1-5 for HCF and u"
2 
 = 2-6 for DCF are observed. An analysis 
of the spectra yields the electronic and vibrational parameters 
T
0 
 = 17274 + 6.8 cm 1 , w
e 




= -7.7 + 1.2 cm- 1 
for HCF and To = 17281 + 8 cm-1 , we = 787.5 + 4.4 cm-1 , wexe= -3.86 
• 
0.5 cm-1 for DCF. Each vibrational transition shows resolved 
K-type subbands characteristic of a near-symmetric rotor. Although 
this structure is highly perturbed for the entire HCF system, a 
partial rotational analysis has been obtained for two bands in the 
DCF spectrum. The derived rotational parameters are also consistent 
with the observation of the excited state bending mode. 
-15- 
Principal Investigator  
The Principal Investigator has devoted 40+% of his research time to the 
research efforts outlined here. This amounts to approximately 25 hours per 
week. 
Personnel  
Graduate students working on and supported in part by this project include 
Mr. Gary Green, Mr. Alfred Hanner, Ms. Beatriz Cardelino, Mr. Winfred Crumley, 
and Mr. Jeffrey Appling. Mr. Randall Childs is also participating in the 
computational aspects of this project. In addition, Dr. S. A. Pace is 
continuing his collaboration on several aspects of this research. 
Public Relations  
Seminars and invited papers describing DOE sponsored work were given at 
the following locations: 
1. 179th National 	A.C.S. Meeting 3/26/80 
2. Armstrong State College 4/14/80 
3. Columbus Spectroscopy Symposium 6/15/80 
4. Gordon Conference on High Temperature Chemistry 8/08/80 
5. Aerodyne Research Incorporated 8/12/80 
6. The University of Iowa 10/29/80 
7. North Dakota State University 10/31/80 
8. Clemson University 11/13/80 
9. Furman University 11/14/80 
10. Electro-optics/Laser 80 Symposium 11/19/80 
11. State University of New York at Binghampton 11/21/80 
12. Morgantown Energy Technology Center 2/3/81 
13. The University of Pittsburgh 	 2/19/81 
14. Physics Department, Georgia Institute of 
Technology 	 2/25/81 
15. 181st National A.C.S. Meeting 	 3/31/81 
16. Bell Telephone Laboratories 	 4/8/81 
17. Drexel University 	 4/9/81 
Publications  
1. "Single and Multiple Collision Chemiluminescent Studies of the 
Si-OCS and Ge-OCS Rections--A Study of the SiS and GeS a 3E+ 
 X1E+ and SiS b 3II - XIE+ Intercombination Systems and the Nature 
Of SiS Collisional Quenching," with G. J. Green, Chem. Phys. 
46, 67 (1980). 
2. "A Study of the Methane-Fluorine Flame Including an Analysis of 
the AlA'' - X 1 A1 Emission Spectrum of HCF," with R. I. Patel, 
G. W. Stewart, K. Castleton, and J. R. Lombardi, Chem. Phys. 
52, 461 (1980). 
3. "Nonequilibrium Product Distributions Observed in the Multiple 
Collision Chemiluminescent Reaction of Sc with NO2* Perturbations, 
Rapid Energy Transfer Routes and Evidence for a Low-Lying Reservoir 
State," with S. A. Pace, J. Chem. Phys. 73, 836 (1980). 
4. "Evidence for Ultrafast V-E Transfer in Boron Oxide (BO)," with 
A. Hanner, J. Chem. Phys. 73, 5025 (1980). 
5. "Laser Spectroscopy of Refractory Compounds," presee'ed as an 
invited contribution to Electro-Optics Laser 80, Proceedings 
of the Electro-optics/Laser 80 Conference and Exhibition, pp. 127-140. 
6. "The Characterization of High Temperature Vapors of Import to 
Combustion and Gasification Processes in the Energy Technologies," 
Proceedings of the Morgantown Energy Technology Center Meeting 
on High Temperature, High Pressure Particulate and Alkali Control 
in Coal Combustion Process Streams - Morgantown, West Virginia, 
1981 (in press). 
7. "Aspects of Sparsely Studied Gas Phase Chemistry of Import to the 
Energy Technologies," Optical Engineering (in press). 
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Publications in Preparation 
1. "Observation of the KOH Emission Spectrum - A New Lower Bound to 
the KOH Dissociation Energy," with B. Cardelino (in preparation). 
2. "The Characterization of the Single Collision Chemiluminescent 
Emission from the Si-N 9 0 and Si - 03 Reactions and a Comparative 
Study of Spin Conservation Effects and Stripping Mechanisms in 
Metal Atom-N 20 Reactions," with G. J. Green and B. Cardelino 
(in preparation). 
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Several experimental schemes have been developed in an attempt to 
find direct spectroscopic evidence for formation of vibrationally excited 
(ground electronic state) N2 molecules formed as a result of the Si + N 20 -4- 
SiO + N2 reaction. The fundamental idea behind each experimental method 
. is simply stated. The emission observed from vibrationally excited N 2 
 molecules formed in reaction and subsequently externally excited will 
be substantially different fram the emission observed for externally 
excited N2 molecules found in an equilibrium, or Boltzmann, distribution 
at roan temperature. This is easily understood if we realize that for a 
particular ground state vibrational level population, different excited 
electronic state vibrational levels can be preferentially pumped according 
to the respective Franck-Condon factors governing the ground state-excited 
state transition. Emission from an upper electronic state to a lower 
electronic. state is also governed by the respective Franck-Condon factors 
for the given (v",v"") transitions between these two states; thus, ulti-
mately the emission bands Observed will indicate in which initial vibra-
tional levels the N2 molecules are to be found. 
1) MERCURY LAMP S'IUDIES  
This first experimental arrangement employed a 200 ?7, high pressure 
mercury lamp (Oriel), whose output was focused through an optical quartz 
window onto a chemiluminescent flame at right angles. to the viewing optics 
for a spectrometer/detection system. The mercury lamp output was passed 
through an aperture (slit) to minimize scattered light and to define the 
A-2 
region of the reaction zone which was irradiated. The lamp could be 
easily used in conjunction with either our single collision or multiple 
collision apparatuses. For more UV intensity, a deuterium or 1000 W 
xenon lamp could be substituted. Intense UV radiation was desired in 
. order to gain access primarily to the Vegard-Kaplan (A3E114- - XlE 
system of N2 . Spectral regions in which we expected emission fran N 2 
 have been scanned both in the first and second orders of our grating 
mcnochromator. Unfortunately, the intense b 3H - X1E+ SiO* emission 
also observed (as well as SiO * A1H - X1E+ emission) has made definitive 
assignment of any N2 emission features difficult. 
2) ARGON ION LASER STUDIES  
As an alternative means of optical excitation, the output fran an 
Argon ion laser (Spectra Physics 171) can be directed and focused into 
the heart of the reaction zone, again at right angles to the spectrometer/ 
detection system. Typically, 4-5 W continuous wave per at 4880 A was 
used for this excitation scheme. Multi-photon absorption by the N 2 
formed in the reaction should provide access to the lower-lying electronic 
states of N2 . The initial spectra taken do show extensive emission from 
1600-3500 Al none of which can as yet be positively assigned to specific 
N2 emission bands. It was found, however, that most of the emission per-
sisted even with the oxidant N20 turned off. Residual gases found in the 
system (this technique has only been tried under multiple collision condi-
tions, background pressure - 40 p) or impurities in the Ar carrier gas 
may be the cause of much of the observed emission. Extension to single 
collision studies should eliminate this problem. 
A-3 
3) ELECTRIC FIELD STUDIES 
Electrical excitation of species found in the reaction zone can be 
achieved through use of a +DC voltage with respect to ground at the 
reaction zone. To accomplish this, a helical nichrane wire grid was 
positioned on an annular boron nitride support (for electrical isolation 
• from ground) positioned directly on the cooling jacket of the oven 
assembly in our multiple collision apparatus. The grid itself was 
placed directly above the crucible at the point where the oxidant jet 
array is situated, encircling the chemiluminescent flame region. Applied 
voltages from +25 to +200 VDC were maintained via a 3 EV/DC high voltage 
supply (Fluke 415B). Voltages were rarefully regulated according to 
total system pressure (.05-1.0 torr) so as to maintain a stable discharge, 
yet avoid shorting the grid as a result of space Charge accumulation. 
Observation of N2 emission from the Second Positive (C311u B
3II ) system 
has been made with this arrangement using room temperature N 2 alone, but 
efforts to rake this same observation under the reaction conditions for 
the Si + N2  0 SiO + N2 reaction have been hampered due to extensive 
Ar emission (Ar being the carrier gas) and intense SiO emission. Slight 
modifications in this experimental arrangement may alleviate this problem. 
4) ETELIEON BOMBARDMENT STUDIES  
The possibility of observing not only N2 emission, but also N2+ 
 emission, was explored by means of electron bombardment ionization/exci-
tation of N2. An electron gun was constructed to achieve this ionization/-
excitation and will be briefly described. The source of thermionically 
A-4 
emitted elections in the gun is a helical filament of .010" tungsten/2% 
thorium wire, current to which is supplied through 12 gauge copper buss 
wires (--5A, 9VAC). The electrons are accelerated through a 1/4" circular 
aperture by applying +40 to 200 VDC to a thin copper annulus situated 
-I" ficui the filament. The filament and accelerator are surrounded by 
a 3/4" ID graphite tube in order to prevent blackbody radiation from 
the filament from reaching the detection system and to spatially contain 
the emitted electrons for acceleration into the dhemiluminescent flame 
region. The entire electron gun assembly is secured in a vertical 
position -1-2" directly above the reaction zone in either our single 
collision or multiple collision apparatuses. To date, this technique 
has pTbven most fruitful in reproducible production of the Second Posi-
tive (C3ll - B31Ig) system of N2 over the pressure range 10 5-1.torr. 
Many emission bands have yet to be identified, however, and may be due 
to N2+ emission. Again, when the N2 emission detection was carried out 
during the reaction Si + N20 4- SiO + N2, the SiO emission predominated 
the spectral regions in which we expected N2 emission. Further work will 
be carried out on this system. 
It should be apparent that straightforward characterization of vibra-
tionally excited N2 is hampered by overlap with SiO emission in the Si-
N20 system. Therefore, in order to determine the effects which should 
be observed, we have chosen to look carefully at two other systems, 
Ti-N20 and Al-N20' Both systems appear to display the characteristics 
inherent in the rapid stripping of an oxygen atom from N 20 and the subse-
quent formation of vibrationally excited N2 as a product. They hold the 
added advantage that the metal oxide product spectral emission cuts of 
A-5 
at much longer wavelengths 3000 5k for TiO* (see Figure Al) and 7000 A for 
weakly emitting A10 . The results obtained thus far are promising and 
we expect to obtain more definitive information shortly. 
TiO* CHEMILUMINESCENCE 
v°24 3 2 1 0 
v's 0 
7000 3000 A 4000 5000 6000 
APPENDIX B 
PRIOR RATES FOR FORMATION OF 




. Derivations of the expressions from which one may calcu-
late the density of states, and hence the detailed prior 
relative rate constants for formation of product molecules, 
have been given by Ben-Shaul, Levine, and Bernstein ) for. 
the atom-diatom (A+BC + AB+C) interaction. Although the 
expressions given are for formation of products in the 
electronic ground state, the consideration of excited elec-
tronic species (electronic excitation of a product (metal 
oxide) molecule is considered here) requires only minor alter-
ations to these expressions. As suggested in Section IV-E, the 
electronic degeneracies and zero-point to zero-point endoer- 
. gicities must be incorporated into the appropriate expressions 
as follows. 
The conditional prior relative rate constant for formation 
of vibrational level v in electronic state n of AB is given by 
P° (v,nJE) = P(vfn,E)/P(E) 	 (B1) 
where p(v,n,E) is the density of states with the product in 
vibrational state v and electronic state n, at a total (fixed) 
energy E. p(E) is the total density of states. Equation (El) 
may be rewritten as 
.7*(v,n) 
Pc) (v,n1E) = 	p(v,J,n,E)/p(E) 
U=0 
( B 2) 
B-2 
where p(v,J,n,E) is the density of states with rotational 
quantum number J, and J*(v,n) is the maximum value of J which 
is allowed by conservation of energy. J*(v,n) is given by 
(vibrating rotor (VR) approximation) 1 
BvJ*(J*+1) = E-AEo  -E v 
	 (B3) 
where AEo 
is the zero-point to zero-point endoergicity for the 
formation of electronic state n (D o
o (BC)-Do
o (AB)+To (n)), and 
Ev is the vibrational energy of the product molecule AB. 
p(v,J,n,E) is given by 
p(v,J,n,E) = g(n)(2J+1)pT (ET ) 	 (B4) 
where g(n) is the degeneracy of the electronic state and 
pT (ET) is the density of translational states with transla-
tional energy 
ET = E-AE -Ev  -E o 	R 
	 (95) 
where ER 
is the rotational energy of AB. Using the expression 
for pT (ET ) aiven by Ben-Shaul et al., 
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	 (B7) 
B-3 
and p is the reduced mass for the relative translational 
motion. Within each electronic state n, 
J*(v,n) 
P° (v,ntE) cc y 	p(v,J,n,E) 
J= 0 
( 3 8 ) 
Substituting eq. (B6) into (B8), assuming J is a continuous 




	 (E-AEo -Ev 
3/2 
 ) 	 (B9) 3Bv,n 
where Bv,n is the rotational constant for vibrational level v 
in electronic state n of AB. In the rigid-rotor-harmonic-
oscillator approximation, B v,n=Be,n 
The prior relative rate for formation of electronic state 
n is given by 
v*(n) 
P° (nlE) cc I 	P° (v,n1E) 
v= 0 
where v*(n) is the highest vibrational state which may be 
populated in the electronic state n. 
For an atom-triatomic reaction, at least two additional 
degrees of freedom are introduced, and these must be incor-
porated into the density of states calculations in order to 
evaluate the prior rates. Since the ohemiluminescence experi-
ments described here indicate the formation of only one species 
B-4 
in an excited electronic state, the following derivation 
assumes that only reactions of the type 
M+ABO MO+AB 
.occur, in which AB is formed in a manifold of ro-vibrational 
levels in its ground electronic state. The AB molecule will 
be treated using the rigid rotor-harmonic oscillator (RRHO) 
approximation. 
The internal energy of the AB molecule 
= E-AE0-ET-ER (M0)-Ev (M0) . 	 (B11) 
In a manner analogous to the atom-diatom case, 
J* 
Po (v,n1E) m 	p(v,J,n,E) . 
J=0 
Now, because of the additional degrees of freedom, 
cmax 





is the maximum internal energy which may appear in 
the AB molecule. From conservation of energy 






The incorporation of internal energy in the AB molecule 
into the density of states calculatiOn yields 
P( 17 .J/n 	E ) = (2J+1)PI(AB) (E)o T (ET )g(n) 	 (B15) 
.where p I( (AB) (E) is the density of internal states of the AB 
molecule with internal energy E. In the RRHO approximation 
PI (AB )(E) = OFiwe (AB)Be (AB) -1 E = Al e 	 (B16) 
where we (AB) is the vibrational frequency 'and B e (AB) is the 
rotational constant for the around electronic state of AB. 
.Thus, 
p(v,J,n,E,E) = (2J+1)AI E(E-AE0-Ev (M0)-ER (M0)-E) 1/2g(n) 
(B17) 
Replacing the sum in equation (B13) by an integral (i.e. 
assuming c is continuous) 
(2J+1)4A 
15 I
AT  p(v,J,n,E) - 	 (E-AEo-Ev (M0)-ER (MO))
5/2
g(n) 	(B18) 
Thus, from equation (B12), 
J* 
Po (v,niE) cc 1 p(v,J,n,E) 
J=0 
J* f 4(2J+1)A,Am 
g(n) 	15 	





*(m0)(J*(..7*+1)) = E-AEo  -Ev  (MO), 
g(n)8AIAT  
P° (v,nIE) cc  105Bv (MO) (E




P° (nIE) = 	P° (v,n1E) 
v=0 
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888.0 3647 3466 3339 3243 3174 3169 3144 
896.0 3047 3005 2932 2810 2644 2560 2482 
904.0 2482 2470 2497 2462 2449 2402 2332 
912.0 2431 2465 2479 2439 2373 2275 2256 
920.0 2305 2310 2274 2293 2345 2359 2374 
928.0 2446 2465 2505 2580 2712 2826 3002 
936.0 3871 4699 5387 7017 7708 8143 8302 
944.0 8162 7494 6421 5464 4815 4473 4302 
952.0 4445 4606 4706 4813 4866 4779 4532 
960.0 3836 3605 3407 3304 3184 3108 3045 
968.0 3188 3303 3357 3382 3478 3591 3715 
976.0 4098 4280 4531 4847 5324 5841 6379 
984.0 7459 7963 8380 8461 8906 9038 9121 
992.0 10006 10844 11512 12204 12763 13232 13499 
1000.0 13304 13964 14299 14890 15513 16279 17143 
1008.0 19055 20176 21356 22746 24221 25887 27658 
1016.0 31357 33473 35548 37532 39458 2 3 
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C■ ze 2. 
PROGRAM LEAST ( I NPUT, TAPE5= I NPUT, OUTPUT: TAPES=OUTPUT ) 
DIMENSION X(20), 'T'"(211) 
READ . < 5, 7 :) N 
7 FORMAT ( I ) 
DO 10 I=1, N 
REFiD ( 	( I ) 	I ) 
10 CONTINUE 
DO 15 I=1, N 
WR I TE ( S, ) X ( I),Y( I ) 
3 FORMAT (1X, 2F14. ) 
15 CONTI NUE 





DO 20 1=1: N 
XAVER=XAVER+X ( I ) 
'T'AVER=f AVER+ ( I ) 
( I )21-:'T' ( I ) 
SXX=SXX±::.:: ( I ) 	( I ) 




SX fr,, S X 'TI 	XA E R A V E:R 
SXX=SXX-t-.1:-1:::-:: A VER*XF1'...' ER 
SYY=- S 1T"T' -N *YR VERVT'A VER 
A=SX'TI/SXX 
E:= FiVE - A *X AVER 
VFIRA=(SX>::*SIT"li-SXY*5>::Y) ( SXX*SXX* ( rI -2 ) ) 
V8 RB=VA RA* ((SXX/N) XA 	V E R 
SDEVA=SORT(y'ARA) 
SDEVB=SQRT(YHRB ) 
,C 0 R 	Y:1"S 'TV ( S X X :1.: S Yr' ) 
WRITE(O. 4) 
4 FORMAT ( 3X, *SL OPE*9X* I NTERCEP T*5X*5 T. 	SL OPE*2X* 
1ST. DEV. I NT. *3X*CORREL AT I ON* ) 
WR I TE ( S, 5 ) B.. SDEV A, SDE VS, COR 





67. 000n AA ri 5494. 4200000 
00 Pi 1.71 CI 0 5 4 4 8. 51171AAAA 
384. Pt. n 0 6508000 
545.0000000 54 [3 ri Fr, FiciAAA 
82 a n n n An 52:4].2800000 
840. Fi C.71171 171 1:1 52:41 ei A E's 
894. An A 1-71 ei A 52: PI. 28 A 0 A R3 
SLOPE 	 INTERCEPT 	ST. DE'y'. SLOPE 
	
2000755 5509. 71=.11:7SICICI . 0017:71 
ST. DEY. INT. 
. S7-227.7%7. 
CORRELATION 
— - - 
2 7:5. 0000000 5562. 7700000 
51:7.7. 0 n Ac.in 0 Ci 5494 4200800  
801. ORAN:IAA 54 48. 5100A0n 
878. 0 AAA 171 n 54 77. F.FiA0AIDA 
c156. nnA0n0n 541;:;.5500000 
SLOPE 	 INTERCEPT 	ST_ DEV. SLOPE ST. DEV. I NT. 	CORRELAT I ON 
-. IC1 '1,119710 5F.0q. A481715f7.7 081.1=dR5 	1. 1900241 . fi 807: 
5 
7C-2 	,(2 C 
/OLD, INTERP 
PROGRAM I NTERP(INPUT,OUMJT, TAPE5= INPUT, TAPE6-OUTPUT) 
DIMENSION X(100)„ 1Y(101-2), D(25) 
READ(5, 101)N, NN 
101 FORMAT(12., 12) 
DO 333 1=1, NN 
READ(5, *)D( I 
333 CONTINUE 
DO 100 I=1., 
READ (5„ 	 ( I ) 
100 CONTINUE 
DO 444 i=1, NN 
xx=D( ) 
DO 30 -K=1, N 
IF (XX—X (K) )10, 2n„ 7: 0 
70 CONTINUE 
20 W=Y(K) 
WRITE(6,10])XK, YY  
103 FORMAT (*CHANNEL, EXACT 	2:X, F7. 2„ 3X„ E12. 
GO TO 444 




WR I TE 





























I N TER POLATED 'T' 
I NTERPOL ATED ITI 
INTERPOLATED 




INTERP OL HTED Y 
INTERPOLATED 'T' 
INTERPOLATED 
I NTERPOL A TED Y 
I NTERPOL AT ED 
I NT ERPOL ATED 
T ER POL TED Y 
INTERP 0 LA1ED 
CHANNEL, INTERPOLATED Y 
CHANNEL.. INTERPOLATED I 
CHANNEL, I NTERPOLATED 
CHFiNNEL, INTERPOLATED Y 
/OLD.. DRIP:!'_.--7SD 
46 23 
43. 192. 	492. 
98. 252. 406. 550. 
	
29, 	75. 51 31. 
59. 86. 14 73. 
172. 6607 199. 
325. 72. 2:9 35a 
475. 	75. 28 493. 
619. 74. 45 644. 
766. 	77. 75 792. 
922. 72. 92 949. 
46. 194. 	343. 	494. 640. 788. 
846. 162. 	28E1. 	445. 	585. 7 - 171. 8:32. 














.3 la 1 . 
67. 40 
56. 24 
]75 75 89 399. 7527 424. 75. 97 4:75n. 
74.57 74. 64 546. 74. 39 571. 596. 
74. 79 668. 77. 61 717. 78.0] 742. 78.04 
78.94 818. 75.84 	E:44. 75. 24 870. 75.]9 895. 73. 95 
72. 13 975_ 70.49 998 69.72 
1#1*0117e_ : Hdatik /44.1,r); 	 GvveLe-04. 
$e-Ctrxce 	 eiridtaGe, 
fivlow)a,), /h4,46 _ 
0 tP 















00 c) 771:777E+02 
75252E+A2 
00 66582E+02 
















446 0 0 
58500  
6 s 	CI + C.1 3 
7639 2E+ n2 
71267E-1-02 




length 	, Are 
	
Pi,r/v0g4 	11'N ,.. e 









4R14.75 .. 150 1 5191.33 .. 35 15011.42 .. 304 
4019.94 ... 70 5193.13 .. 150 154151 61 .. MI 
4921.92 .. 300 1 519:1.22 .. 150 1 5S20.15 .. 500 
4823.17 .. 100 1 52.10.19 .. 150 15 (1 25.91 .. 75 
4t, 21.37 .. 50 1 520.1.Q6 .. 70 15 4 52.40 .. 2000 
4025.53 .. 50 I 52111.57 .. 50 
1000 
 1 53 r,3.42 .. 75
4327.31 .. 1''1214 31 .. 35 1 5472.15 .. 75 
4327.50 .. 300 1 5222 35 .. 50 537263 .. 35 
4.q37.:3I ... 15201.03' „ 500 50 1 .5 ,, 31.S9 .. 1000 	• 
4442.94 .. 50 1 0274.01 .. , 	40 15:•02.40 .. 50 
1 51No.97 .. 50 1 5903).13 .. 50 
4351_50 .. 15299.19 .. 60 150 151!13.63 .. 250  
15101.7r ,• 70 1 5N4.91 .. 250  
15:',44713 .. 30 1 59'22.11 ..  20  
15:1:0.x1 .. 25 . 1 5901.46 ... 75 
.0, 05 50 160 	' 1 532'; 	Iii .. 75 1 5939.31 .. 50 
15;;:•.(..7N .. 600 1 0931.S3 .. 600 
; 15333.32 .. 50 I 5901.113 .. 70 
1 .V■ 0'...27 70 1 5111.0' .. 1000 1 5)05.17 .. 500 
1 43.o.91 .. 10•0 5313.2 1/4 .. 600 	, I 59,6.17 .. 35 
1 4 , 66.0 ,, .. MO 0053 2 .. 150 I 5',:17-1 113 .. 500 
1 4•42.00 .. 5330 .3:,:i.-,!,.I. .. ISO 59:5.73 .. 600 
1 is"7,02 . 	, 70 5121.12 .. 100 5.,; ,7 .91 .. 150 
1 4 ,019.01 .. 50 53•'0.01 , . 151 5 ,)91.07 .. 75 
192+.23 .. 	• 70 	1 5::3:041 	. , 35 1;0 , 91.95 .. 100 
431.0.9i .. .50 . 1 .. S '...2.25 25 . 002 1 ..01. • • 1000 
49:01 . 100 	; 52.'.22 	.. 25 1.010.10 .. 50 
11 , 11.9'1 .. 100 	11 737211 75 0001.55 .. 50 
1 955.3 ,, ., 150 t 5371 07 	.. 50 6073.71 „, 1000 
4157.03 .. 1000 	a 51 ,3.2r 	.. 25, 393'.41.1r .. 300 
41 , 57.12 .. 150 • 01. ,,,v, 	,• 20:11* 512'4 	II .. ISO 
4:177.54 .. 100 	I 5.12.05. 	.. 2S0 91 1 2.51 .. 100 
41:74.71 .. 50 	I 511 ,, 75 150 111 anr .. 1000 
4991.9'1 .. 100 1 	I 51?-3.1F 	.. 50 5I51130 .. 11)0 
50 ■ 5 4 6 „ 500 	I 	1 5.133 65 .. 2511 0151 011 .. 70 w 
5.'43 :,3 „ 50 51 I , :11 .. 150 5156.14 .. 50 
5011.9( .. 75 5' ,..,.11 .. 50 6143.59 .. ION) 
50 1 2.07 .. 25 .9,7,0 -: 31 .. 25 0171, ,01 .. 7U 
5031. -15 .. 2.00 55 ,7.04 .. 76 6175.20 .. 60 
535.10 .. 75 55:1.311 .. 50 . 91i2.15 .. 150 
51137.75 .. 500 55:',.. 0..) .. 55 	, 61+9.04 .. 70 
0012.0.1 .. 25 5.707 11 .. 150 0101.011 .. 50 
53171.23 .. 35 553i2 77 .. 500 . 62. 1 0 70 .. 100 
5070.54 .. 35 550.05 .. 75 6213 SS .. 160 
51) 4 0 32 .. ISO 5:;76.05 
.. 35 5217.28 .. 1000 
5 1 14397 .. 25 55 ,0.3., .. 50 6225.74 .. 50 
50!)9.04 .. 25 , 	' 	1 5052 ',7 ,. 75 , 6210.73 .. 100 
:51 11 1.70 .. 35 5'37,0 113 .. 70 6250.00 .. 100 
5113.67 .. 75 f..;500) .. 500 6200.49 .. 1000 
5110.50 .. ISO 500::.:0 75 7273.01 .. 70 
0117.01 .. 35 5031.05 25 11275.314 .. 50 
5120.51 .. 25 5039.•2 150 6293.77 .. 100 
5122-.. .. 150 0710.31 35 6301.76 . • 10)) 
5122.34 ..• 150 5713.96 .. 150 9313.59 ., 100 
5141.9 .. 500 5;19.22 , 	, 000 5320.17 .. 300 
5115.0 .. 500 5719.53 .. 75 6330.90 .. 150 
5 1 45.12 .. 35 57 1 4  ')0 .. 500 6331.41 .. 1000 
5150.05 .. 35 57.1s114 „ 70 6351.37 .. 100 
5151. ,:5 .. 75 	, 5700,50 .. 70 61•-;501 .. 100 
15154 12 .. 50 5764..12 .. 70)3 0352.90 .. 1000 
i 5150.66 .. 50 5770.31 ,. 10 6101.00 • .. 100 
1 6135.49 .. 50 5,124,13 . 
.. 
75 6102.25 .. 2000 
1 5154.61 .. 160 5901.45 50) 4102.75 .. 150 
4.111%:-14iN :-N.t TR.% 2000 111.000 .t j'ontluuedi 





! 	I) .., ....I 1 e l 	'.', .v. r 
101.
















111 1 ...1 










!..1 , 0 
 40 
3•1 
S , '9 
500 
300 




314 4 12 
0•,e.; 53 






























































































.71., 71 3  
s'2!-.9. 1.3.. 
..2 ■ ,6.0.. 
S2 4 7.11 
■ .11 ,!,..,3 
1 F.:;61,5.1 
17355.75 
1 6115.4 i 

















































































3. - :r1 02 
3:;33.2, 0; 
5 7 , 1.75 
q7 , 2.5'. 
.. ,..;; ; i 92 
5•r, :13.7 
",.531 
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7
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1 2'..176.77 12 25 
11 2019.01 1 2205.11:4 1031 500 
II 2030.07 1,1 2301119 In,: 31 
112021'.10 2313.03) to j. 10 s 
112032.30 (112.371 30 W 
11 70:33.21 I .27.1 ■ 	01 17 2r, 'A' 
11 20731.32 2317.13) 30 r 12 
11 2400.41 2320 01 30 r 51 
1120%5%65 2125.70 30 r 9 
1 20.32.86 1 23101 5 5 .. 150 
11 205 4.30 • 1 2350.G 33 	.. .40 
1 30,44.50 1 2:37.5.4 2 	10 30 
T120911.10 1 2. ■ -i77r. 	0 211 
12095.73 210161 	40 r 10 
11 20:17.10 1 21117.17 	., 60 
II 2103.79 1 2;12.05 	.. 503 
(1 21117.90 11 2415_14 	40 250 n 
112111.72 1 2127, 	25 .33 .1 
11211).51  I 121:13 57 	.. 30 
2)21.11 
1212 1 91 




11 2125.11 11 2437.69 	40w 200 
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qtr e=i c-A.17- 41.2 	. 
f 	: 7 .1 . . - 
: 
HEWLETT-PACKARD/MOSELEY 01`11•1, 10N 
9270-102:i 
FOR USE ON AUTOGRAF RECOROLNS 
10 UN% ns/Divi,Tofq 
I 
...-LiM11111...711•IPIMM.I.7 9.0 2....1.7......21111MI.• 
0 	2 0 	 i .70 	80 4.P 	 1/0 
. 1 	 • - .1 :100 • 
•' ,7 	
- 	 . 
I 	- .. 1 . • . 
" 	 • 	 • 	 r : 	• 
HEWLETT-PACKARD/MOFJELEY DIV t' 1, 1,:',N 
9270.1023 
FOR USE ON AUTOC:RAF RECOROFF1 
to U1,1115/LIIVISION 
L
) 0 0 
sf 
_ • • 
1 
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APPENDIX D 
THE CHARACTERIZATION OF HIGH TEMPERATURE VAPORS OF IMPORT 
TO COMBUSTION AND GASIFICATION PROCESSES IN THE ENERGY TECHNOLOGIES 
(Proceedings of the U.S. Department of Energy Contractor's 
Meeting, Morgantown, West Virginia, February 1981) 
THE CHARACTERIZATION OF HIGH TEMPERATURE VAPORS OF IMPORT 
TO COMBUSTION AND GASIFICATION PROCESSES IN THE ENERGY TECHNOLOGIES 
James L. Gole 
Department of Chemistry 
Georgia Institute of Technology 
Atlanta, Georgia 
Research efforts are outlined whose focus is the characterization of 
compounds of import to the energy technologies. The reactions of 
potassium and sodium with hydrogen peroxide have been used to excite 
chemiluminescence from KOH and NaOH. The study of this chemiluminescence 
over a wide variety of experimental conditions leads to the direct deter-
mination of stringent lower bounds for the K-OH and Na-OH bond energies. 
For KOH, we find D: „>.-- 85.2 kcal/mole; for NaOH, pg > 75.2 kcal/mole. 
The present results lead to an estimated K-OH bond strength of 88±2 kcal/ 
mole, notably higher than the currently accepted value. The characteriza-
tion of Na 2 0 via laser spectroscopy is summarized and molecular constants 
for this molecule are presented. Preliminary studies of the bonding and 
spectra of the alkali monoxides are presented. Recent studies of ultra-




Low tolerance levels for certain species in process streams impose 
stronger requirements for reliable thermodynamic and kinetic data in order 
to predict low level species concentrations. In addition, there must be 
.serious concern focused on whether or not these systems are best repre-
sented via equilibrium or non-equilibrium models. We have been concerned 
with the characterization of important processes in these inherently high 
. temperature systems through application of chemiluminescent and laser 
fluorescent techniques to the determination of bond energies, spectroscopic 
constants, and ultrafast energy transfer routes. The evaluation of spec-
troscopic data leads to the determination of important molecular constants 
which can be used for the statistical mechanical evaluation of heat capac-
ities, entropies and free energies, all of which are important to the 
understanding of energy related combustion and gasification environments. 
The compounds of interest are formed through a variety of in-situ synthetic 
metatheses over a wide range of temperature and pressure. The current 
studies also provide information useful for the characterization of non-
equilibrium combustion phenomena and for the evaluation of kinetically 
dominated product formation routes. 
Major Research Thrusts  
In order to attack the topics outlined in our introductory remarks, 
our research effort has taken on five main thrusts: 
(1) The primary emphasis in our research effort has involved the for-
mation and analysis of alkali and alkaline earth monohydroxide electronic 
emission spectra in order to determine bond dissociation energies, evaluate 
• molecular constants for use in thermodynamic models, and characterize 
spectral regions useful for the monitoring of reaction kinetics. Efforts 
thus far have focused on NaOH, KOH, and CaOH and the generation of excited 
electronic states for these species using chemiluminescent techniques. 
(2) A major effort has involved the generation of spectra for the 
alkali oxides and sulfides using both chemiluminescent (NaO, NaS, KO, KS) 
and laser fluorescent (Na20) techniques. 
(3)In carrying out chemiluminescent studies across a wide pressure 
range (10-6 -10 2 torr) 1 ", we have observed and characterized ultrafast 
intramolecular energy transfer routes among the electronically and vibra-
tionally excited states of several high temperature molecules. Thus far, 
these studies have indicated that energy transfer can occur at rates 
which may approach 1000 times the calculated gas kinetic rates. These 
surprising results demonstrate that vibrationally and/or electronically 
excited high temperature molecules act as if they were "large" or 
"diffuse" entities capable of strong interaction at very long range. This 
rapid energy transfer is a general phenomenon and effects have been observed 
in several molecules including SiO and KOH. The observation of such rapid 
energy transfer may have significant implications for the modeling of 
energy generating systems and the characterization of heat flow in these 
systems. 
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(4) We have been tilyaed in several studies to produce and characac-
terize spectra for both SiS 5 and SiO. Much of this effort has involved 
the determination of the SiS and SiO bond energies and the further inter-
pretation of their spectroscopy so as to provide additional data for 
inclusion in the calculation of thermodynamic properties. 
(5) In collaboration with the Morgantown Energy Technology Center, 
we have recently characterized the methane-fluorine combustion system. 
In the present discussion we will focus on those efforts geared 
toward the characterization of alkali metal compounds, specifically KOH, 
NaOH, Na 2 0, and NaO. Reference will also be made to other alkali hydro-
xides and oxides as well as the alkali halides. 
Apparatus for Chemiluminescent Studies 
In order to produce and study the emission spectra of alkali compounds, 
several devices for producing chemiluminescent spectra have been employed. 
In Figure 1, we depict a device which is used at very low pressures. The 
specific nature of the components in this device has been discussed 
elsewhere 6 . Briefly, a metal beam formed in the oven chamber effuses 
through a small orifice into a reaction chamber filled with a tenuous 
atmosphere (10 -4 -10 -6 torr) of oxidant gas. Reactions which yield light 
occur and they are monitored through the spectrometer window using an 
electrooptical detection system'''. Because most excited electronic states 
have radiative lifetimes in the range 10 -6 to 10 -6 seconds, chemiluminescent 
species formed in the reaction chamber will emit light long before they 
undergo subsequent collision (collision frequency at 10 -4 torr -10' second) 
Hence, we refer to these processes as "single collision". The criteria 
for observing chemiluminescent emission is outlined in Figure 2 and 
discussed in more detail elsewhere 6 . Briefly, the heat of reaction for the 
process of interest must exceed the excitation required to populate an excited 
electronic product state. In Figure 2, we consider the formation of a metal 
oxide and note that those metal oxide excited states on which we focus 
must fall below the imaginary energy line depicted in the Figure. To 
first order, we must be concerned with the difference in the metal oxide and 
oxidant bond energies. If this difference corresponds to a reaction 
exothermicity sufficient to populate an excited electronic product state, 
we determine the highest quantum level populated in this state. This 
determination yields a lower bound to the heat of reaction and with careful 
temperature and pressure calibration can be used in a thermochemical cycle 
to determine a lower bound for the dissociation energy of the emitting 
product. 
Those chemiluminescent spectra observed under single collision conditions 
can be quite complicated due to the significant non-equilibrium population 
of internal levels. Rotational and vibrational temperatures, where defined, 
may approach 30,000K. In order to simplify these spectra through controlled 
relaxation of internal modes, the device depicted in Figure 3 has been 
employed. Using this device, we extend single collision chemiluminescent 
studies to multiple collision conditions promoting primarily rotational 
relaxation and, in several cases, also minimal vibrational relaxation. The 
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oven system depicted it Hure 	is placed in a chamber and operated at 
pressures ranging from 10 -2 to 10 2 torr. Again the precise nature of the 
oven components is discussed eisewhere 1-5 . Briefly, metal atoms generated 
in the central and highly insulated crucible are entrained in a carrier 
gas (note arrows) in the region above the crucible. They are then carried 
to the oxidant zone where the subsequent metal + carrier mixture is oxidized 
forming a flame. The small arrows below the flame in the Figure denote the 
position of the jets used for oxidant flow. Using this system, one is 
able to carry out a much more straightforward evaluation of molecular con-
stants from the spectra that are generated. In addition this multiple 
collision device can be used to characterize rapid intramolecular energy 
transfer' -4 . Here again, the population of excited electronic states and 
the observed spectra are determined overwhelmingly by the reaction exo-
thermicity. The extension of "single collision" chemiluminescent studies 
to multiple collision conditions serves primarily to simplify and clean-
up the spectrum. Through careful application of the entraining technique, 
we lose little of the spectral information garnered under "single collision" 
conditions and add the additional dimension of studying energy transfer 
processes. 
A device which has also proven of great use in the characterization 
of spectra for the alkali halides and hydroxides is shown in Figure 4. Here 
one takes advantage of what is commonly referred to as a diffusion flame 
technique. Sodium or potassium is placed in the nipple (K in Figure 4) of 
a large glass bulb. This bulb is then sealed and heated to a temperature 
such that a significant concentration of alkali vapor exists. The appro-
priate oxidant is passed through the inlet I and a flame is generated at 
the cross hatched region F. This emission is observed through .a window at 
W which is protected from alkali deposition using an argon flow at A. 
Further details of this device can be found elsewhere. 
Thermochemistry and Spectroscopy of the Alkali Halides and Hydroxides  
In Table I, we present thermochemical data on the fluorides, chlorides, 
and hydroxides of potassium, sodium and rubidium. Comparisons will be made 
between these species because (1) they are valence isoelectronic and (2) 
their observed emission spectra are expected to be similar. 
It appears that the major characterization of any of the metal hydro-
xides has been through flame studies. Table II summarizes the nature of 
this situation and clearly indicates that in the vast majority of cases, 
indirect evidence is obtained for the hydroxide. Indeed; the presence of 
the hydroxides has been inferred from the optical spectroscopic study of 
free atom depletion. With the exception of the mass spectrometric value 
for KOH, the hydroxide data in Table I is obtained directly from 2nd law 
plots in H2-0 2 -00 flames. Difficulties in studying the mass spectra of 
alkali hydroxides stem from their tendancy to form dimeric species upon 
vaporization 9 . In addition, it should be noted that lithium forms a very 
stable binary oxide. 10 . The bond energies determined for KOH via flame 
and mass spectrometric studies are in reasonable but not spectacular 
agreement. 
It is generally felt that the nature of bonding in alkali hydroxides 
should be intermediate to that in the fluorides and chlorides. With this 
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in mind, the trends in Table I, would seem to indicate the possibility of 
a bond strength higher than the mass spectrometric value. This is signif-
icant since the flame studies do indicate a higher value for the bond energy. 
We have been concerned with the direct characterization of potassium 
and sodium hydroxide through observation of "single" and "multiple" collision 
chemiluminescent spectra. The first observed electronic emission spectrum 
for KOH has now been obtained in our laboratory. This spectrum, a fast 
scan of which is shown in Figure 5, correlates closely with expectations 
based upon the observed emission spectrum for KC1. The hydroxide spectrum 
was obtained by reacting potassium with 95% hydrogen peroxide. The process 




+ HO-OH ---> KOH* + KOH 
	
(1) 
where KOH* denotes electronically excited KOH. This process is very much 
analogous to a process producing excited states of the alkali halides which ) 




2 	MC1* + MC1 
	
(2) 
where M is potassium, rubidium, or cesium. 
The close analogy which the potassium hydroxide spectrum bears to that 
of KC1 leads to important comparisons between the two molecules and, in the 
final analysis, to a direct determination of the K-OH bond strength. In 
Figure 6, we depict emission spectra obtained for KC1, RbC1, and CsC1 under 
single collision conditions (Apparatus Figure 1). The nature of the 
potential curves which give rise to the spectra in Figure 6 is depicted in 
Figure 7. Although drawn for KBr, the general features are similar for all 
the alkali halides. The alkali halides are characterized by a relatively 
stable ionic ground state and a grouping of several very shallow or repulsive 
excited states. The emission which one observes corresponds to a transition 
from one of these shallow or repulsive states to levels of the ground electronic 
state, the spectrum corresponding to a long progression in the vibrational 
levels of the ground electronic (ionic) state. The very shallow nature of the 
excited state potential has important consequences. One finds that the KC1 
spectrum changes drastically with the form of excitation and the experimental 
technique used to produce the eTission system. The "single collision" spec-
trum in Figure 6 onsets at 4180A (68.4 kcal/mole). A very similar spectrum 
is obtained when potassium dimers are entrained in argon and this mixture 
oxidized in the multiple collision device shown in Figure 2. A drastic change 
occurs when the reaction (2) is studied in a diffusion flaTe environment. 
Here the onset of the KC1 spectrum is at 2866A 11 some 1300A to blue of the 
single and mutiple collision spectrum. This large change signals an important 
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characteristic of Lit alkali 	excited state potential. Whereas emission 
spectra involving strongly bound excited states are not drastically altered 
by the nature of a changing effective potential due to rotation, the shape 
and nature of shallow or repulsive states can be drastically altered by 
rotational excitation. This is exemplified for KI in Figure 8 12 . Here 
effective potential curves are constructed as a function of the rotational 
quantum number J and the relation 
2 	J(J+1)  
Veffective
(J) = V
rotationless 	 2uR2 (3) 
It should be noted that there is a substantial change in the minima 
for the effective potentials as a function of increasing rotational ex-
citation and hence the quantum number J. The high J potentials correspond 
to the single and multiple collision spectra onsetting at 4180A''; the low 
J potentials correspond to the diffusion flame emission system onsetting at 
2866A 11 . As a result of this shift in the excited state potential one ob-
serves emission to differing sets of ground state levels. In the diffusion 
flame experiments emission is observed to much lower regions of the ground 
state potential and hence the spectra onset much further to the blue". 
The change in the emission spectra for the alkali halides as a func-
tion of experimental conditions may also be manifest in the alkali 
hydroxides. One anticipates that the potential function describing the 
K-OH stretch will be similar to that for KC1. If the potential curves for 
the excited states of K-OH are similar to those for KC1, they should be 
shallow and the KOH emission spectrum which results from reaction (1) 
should change significantly with excitation technique. This is observed, 
although the effect is not as pronounced as that in KC1. The Single and 
multiplg collision (argon entrainment - Figure 5) spectra for KOH onset 
at 3840A wherep the spectrum obtained in a diffusion flame (Figure 9) 
onsets at 3360A. This significant change signals the observation of a 
shallow "effective" potential for the K-OH normal mode 13 . 
The KC1 and KOH spectra correspond to emission from shallow effective 
potentials close to the dissociation asympotote (Figure 7 and 8) of the 
ground electronic state. Given that we have strong evidence for these 
shallow effective potentials, we can use the onset of spectral emission 
to estimate the dissociation energy for the K-Cl and K-OH bonds. Because 
the diffusion-flame results must correspond to emission to lower levels of the 
ground state potential, this onset is chosen to give the bgst estimate of 
the bond dissociation energy. For K-C1, the onset at 2866A corresponds to 
99.8 kcal/mole. This should be compared to the value in Table I D: (K-C1) = 
102.6±2 kcal/mole. It should be apparent that we are able to estimate a 
good lower bound to the K-Cl dissociation energy from the energy correspond-
ing to the onset of the K-Cl diffusion flame spectrum. The onset of the KOH 
diffusion flame spectrum at 3360A yields a lower bound of 85 kcal/mole for 
the K-OH bond energy 14. A similar analysis of the sodium-hydrogen peroxide 
diffusion flaTe yields a lower bound of 75.2 kcal/mole corresponding to an 
onset at 3800A. 
The results which we have obtained for KOH and NaOH are significant 
for several reasons. They represent the first direct measurements of the 
bond energies for these species. The lower bound deduced for the K-OH bond 
strength indicates that the correct dissociation energy is on the order of 
88±2 kcal/mole. This value considerably exceeds that obtained in the only 
mass spectrometric study of the manomer quoted in Table I. This much 
higher value for the KOH bond energy is consistent with the bounds estimated 
from metal atom flame depletion studies. An 8 kcal increase in the KOH 
bond strength has significant implications for the stability and effect of 
this compound in energy generating systems. The lower bound determined for 
the NaOH dissociation energy is consistent with the value 79±2 kcal/mole 
obtained in metal atom depletion studies. 
It is anticipated that further studies of the K2-H202 diffusion flame 
system will improve the lower bound currently obtained for the K-OH disso-
ciation energy. It should be noted that the current result is not incon-
sistent with the recent findings of Wormhoudt and Kolb 15 . These authors 
observe unusually high KOH concentrations in their studies of coal fired 
MHD plasmas. Also recent theoretical calculations by England" indicate 
the possibility of a higher K-OH bond energy. 
In addition to a refinement of the K-OH bond energy, the K 2 -H 2 0 2 dif-
fusion flame spectrum will be used to provide structural information which 
can serve to map the ground state potential. The structural parameters 
(molecular constants) obtained will be of use in the calculation of thermo-
dynamic properties for KOH. These studies are currently underway in our 
laboratory. 
Laser Spectroscopy of Na 20 
In order to efficiently excite fluorescence from Na 2 0 we have con-
structed the device depicted in Figure 10.. Figures 10(a) and 10(b) 
indicate the overall layout of the cell used in these experiments. Figure 
10(c) indicates the window design which is frequently necessary when working 
with refractory species, the gas flow system being designed to provide a 
uniform circulation of gas over the windows. In order to carefully control 
the vaporization of Na 2 0 in a very localized region, the device depicted in 
Figures 10(d) and 10(e) is used. It consists of a crucible which is sus-
pended on a 1/8" stainless steel tube such that once the overall device is 
connected to the cell sidearm,the crucible is centrally located to the 
viewing port. The positioning control whose diameter is the same as the 
window shown in Figure 10(c) is held in place in preciselS , the same fashion 
as the window. When connected to the overall cell, the crucible holder is 
rotated 90° with respect to its depiction in the Figure. When the cell is 
in operation, a laser beam traverses the path indicated in Figures 10(b) 
and 10(d). Na 2 0 is directly vaporized through a thin slit into the path of 
the laser beam. The slit and the laser beam are parallel and the laser 
induced fluorescence is viewed at 90 017 . 
Using the cell described above and various pumping schemes, we have 
carried out experiments at both 100 u (primarily background argon) and 10 -6 
torr. This range of background pressure allows us not only to do spec-
troscopy but also to observe quenching effects which appear to be quite 
significant for "!,:1 2 0. T s far, experiments have been conducted primarily 
with an argon ion laser; however, some excitation has been accomplished 
with a rhodamine dye laser. Examples of the spectra tentatively assigned 
to Na 2 0 are shown in Figure 11. They correspond to excitation at 5145 and 
4880A. It appears that we can excite laser induced fluorescence with several 
of the available argon ion laser lines (4579, 4765, 4880, 4965, 5017, 5145A) 
and that the fluorescence spectra can be interconnected (significant over-
lap) in a rather substantial Deslanders Table. Much of our analysis of the 
observed spectra has depended on relating our Na 2 0 studies to available in- 
• formation on Li 2 0. These data come primarily from matrix isolation spec-
troscopy 18 and recent quantum chemical calculations 19 . Briefly, the 	data 
has been used to (1) attempt to estimate the normal frequencies of vibration 
for Na 2 0 based on a reasonable extrapolation from Li 2 0 and (2) determine the 
most likely electronic transition which should be excited in the visible 
using an argon ion laser. 
Using a notation common to several quantum chemical descriptions of 
linear Doh Li20, the valence orbital configuration for the ground state is 
... , 3a N ,„_ 
1/4 	
g22_ 
l 1/4 	,2(i4u) 	
1 
g 
where the valence orbitals are constructed primarily from 2s and 2p elec-
trons on lithium and oxygen. The lowest Li 2 0 excited states correspond to 










































.4 1.3 eV); therefore it is unlikely that even the strongly allowed 
u 
- I E 	transition corresponds to the fluorescence observed upon single 
9 
photon pumping with an argon ion laser. A further promotion which will 
result in a strongly allowed transition, most likely in the visible region, 






















We antic . rate tat the visible 'T - nsition in Na 2 0 which is pumped by the 
argon ion laser corresponds to a i z 	lz + excitation involving the 
analog of configurations (1) and (4). In pumping this transition one re-
moves an electron from an orbital which is both Na-0 and Na-Na antibonding 
and promotes this electron to an orbital which is both W.-0 and Na-Na bond-
ing. Hence, we expect that both the excited state stretching and bending 
frequencies should exceed that of the ground electronic state of Na20. 
The ground state frequencies for Li 2 0 are (matrix isolation spectros-
copy) v l z 760 cm - ', v 2 x 112 cm -1 , and v 3 	990 cm -1 . Formulating a 
normal 'coordinate analysis based on the Li 2 0 measurements, we estimate a 
vibrational frequency of between 540 and 585 cm -1 for the symmetric stretch 
(vi) and 74 cm" for the bending mode of Na20. This is not unreasonable 
when comparisons are made with Na0 where the vibrational frequency appears 
to be -526 cm -1 (recall that Na 2 0 appears to be a linear molecule). 
Although absolute quantum level numberings have not been assigned 20 , 
our extensive peslandres Tables for the pumped transitions indicate an 
upper state vibrational frequency of -650 cm -1 and a lower state (ground 
state) frequency of -550 cm -1 consistent with the predictions outlined 
above. In addition, a closer view (Figure 12) of a region of the 5145A 
spectrum in Figure 2 reveals what appear to be -70 cm" separations expected 
for ground state bending mode of Na 2 0. Tentatively, it appears that the 
spectra correspond to progressions in the symmetric stretching and bending 
modes of the ground and excited state in a l z 	l z + transition. 
These studies not only provide information which is extremely useful 
for the understanding of fundamental dynamic processes such as the reaction 
of sodium dieters and oxygen atoms but also they establish a foothold for 
analyzing kinetic processes in which Na 20 plays a significant role. Because 
Na 2 0 represents an important constituent in energy generating systems, we 
desire a means to carefully monitor its behavior. It should also be noted 
that in addition to their use for the characterization of reaction kinetics, 
the current studies allow the independent determination of thermodynamic 
parameters which are extremely useful in the modeling of energy systems. 
Before the advent of the laser, the study of these elevated temperature free 
radicals rested primarily within the province of the matrix isolation spec-
troscopist. The versatility introduced with the laser should allow the 
future comparison of molecular behavior in gas phase and matrix environments. 
Bonding and Spectra of the Alkali Monoxides  
There have been relatively few spectroscopic or thermodynamic studies 
of the alkali oxides. Based on the results of molecular beam studies 
(alkali metals + NO 2 ), Herm and Hershbach 21 have estimated the MO bond 
dissociation energies as follows: Li° (82±4), Na0 (67±3), KO (71±3), Rb0 
(68±3), and CsO (70±3 kcal/mole). The value for Na0 is in fair but not 
spectacular agreement with the value of 60.3±4 kcal/mole deduced by Murad 
and Hilderbrand 22 using mass spectroscopy. Fundamental frequencies for. 
Li0 (750 cm -1 ) 1 ', KO.(384) 23 , and Cs0 (314) 23 have been measured using 
matrix isolation spectroscopy; however, the corresponding infrared absorptions 
in Na0 and Rb0 have not yet been observed. 
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Evidence has been obtained ior a change in the orbital makeup and 
symmetry of the ground electronic state upon traversing the series Li...CsO. 
The electronic ground state of Li0 is 'H. Freund et al.'' have obtained 
very detailed spectra which demonstrate that this molecule is well represented 
by a crystal field model based on Li 0 0 Q. This model is in accord with ab 
initio calculations 25 . 
Reactive scattering experiments 21 have indicated that Na0 also has a 
'II ground state whereas the ground state of Cs0 is of 2 E symmetry. Most 
recently ESR-matrix experiments 26 have also demonstrated that Rb0 and Cs0 
have 2 E ground states whereas the ground states of LiO, Na0 and KO are pro-
bably 'H. The observation of a 2 E 4' ground state conflicts with the simple 
ionic model in which the electron donated by the alkali atom enters the 
215ci oxygen orbital along the internuclear axis, leaving a hole in the 27 
orbital and resulting in a 'II state (o-2 7 3 molecular orbital configuration). 
An explanation for the observed trends can be obtained by evoking the concept 
of "inner shell bonding" in which one considers the mixing of filled (n -1)p 
alkali orbitals with the 2p oxygen orbitals. Figure 13 contrasts the 
molecular orbital scheme for Na0 based on the alkali valence orbitals with 
the adjusted intershell orbital,scheme for Cs0 26 ' 27 . The alkali monoxides 
are highly ionic molecules, M 	0 e, in both schemes but the latter gives a 
2E ground state (...7 4a). The change from the valence to the inner shell 
scheme is governed by the location of the (n-1)p orbitals of M. These. 
orbitals lie far below the 2p orbitals of 0 - for Li or Na but become 
comparable in energy for Rb or Cs. 
The significance of the orbital scheme discussed above can best be un-
derstood if we focus on the calculated ab-initio curves for Li0 (Figure 14). 
It is apparent that the ground X'H and low lying A'E l- states are separated 
by less than 2300 cm - '. This energy increment will decrease for the sodium 
and potassium oxides. For Rb0 the A 2ll state is separated by less than 
3800 cm -1 from the ground X 2 E + state' 6 : 
We have obtained a preliminary chemiluminescent spectra for Na0 using 
the chemiluminescent reaction 
Na + N
2
0 ---> Na0* + N
2 
This spectrum is depicted in Figure 15. It would appear to correspond to 
emission between high vibrational levels of the A2 E+ state and low vibrational 
levels of X 27. The spectral cutoff at long wavelength is due to a rapid 
decrease in system detection efficiency. Similar spectra have now been ob-
served for KO and NaS. Further investigations of these systems are planned 
when a red detection system has been assembled in our laboratory. 
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Figure Captions  
Figure 1: Schematic of apparatus for the . study of "single collision" 
chemiluminescent reactions. 
Figure 2: Energy conservation in a "single collision" chemiluminescent 
reaction. 
Figure 3: Schematic of burner system used for the study of multiple 
collision chemiluminescent spectra. See text for discussion. 
Figure 4: Sketch of apparatus used for studying low-pressure chemi-
luminescent diffusion flames of alkali metal vapors burning in halogens 
and hydrogen peroxide. See text for discussion. 
Figure 5: Chemiluminescent spectrum obtained for KOH* formed via the 
reaction of potassium dimers and 95% hydrogen peroxide. See text for 
discussion. 
Figure 6: Chemiluminescent spectra of (a) KC1, (b) RbC1, (c) CsCl, with 
a resolution of 5A or better. Also present in each trace are atomic 
(alkali) lines, some of which are off scale. (taken from reference 
11.) See text for discussion. 
Figure 7: Potential energy curves for an alkali halide molecule (drawn 
for KBr) showing the "zeroth order crossing" of the ionic and covalent 
states. 
Figure 8: Effective excited state potential curves for KI constructed 
from the rotationless potential of Kauffman, Kinsey, Palmer, and 
Tewarson (reference 12) assuming a dissociation asymptote of 27000 
cm-1 (see reference 11). 
Figure 9: Chemiluminescent spectrum obtained for KOH* forled in a diffusion 
flame environment. See text for discussion. 
Figure 10: Schematic diagram of apparatus for laser fluorescence studies 
of Na 20 . 
Figure 11: Laser igd .uced photoluminescence spectra of Na 2 0 taken at a 
resolution of lA and using the 5145 and 4880A argon ion laser lines for 
excitation. See text for discussion. 
Figure 12: Close-up of laser induced photoluminescegce spectrum of Na 2 0 
taken at a resolution of 0.5A and using the 5145A argon ion laser lines 
for excitation. See text for discussion. 
Figure 13: Molecular orbital scheme for the alkali monoxides. See text for 
discussion. 
Figurg 14: Potential curves for extensive CI calculations on the X
2
11 and 
A'e of LiO. 
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Figure 15: Chemiluminescent spectrum tentatively attributed to Na0* 
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THERMOCHEMICAL AND PHOTOFRAGMENT 




NaCi 97.6±2 b 
f 
RbF 	115 	RbOH 86±3c (FLAME--2nd LAW) 
RbCi 101.3±2
b 
a. E. M. Bulewicz, C. G. James, T. M. Sugden, Trans. Faraday 
Soc. 37, 921 (1961); A. G. Gaydon, "Dissociation Energies 
and Spectra of Diatomic Molecules", 3rd Edition, Chapman and 
Hall, 1968. 
b. T-M. R. Su and S. J. Riley, J. Chem. Phys. 72 ; 6632 (1980). 
c. R. Kelly and P. J. Padley, Trans. Faraday Society, 67, 740 
(1971). 
d. L. N. •orokhov, A. V. Gusarov and I. G. Panchenkov, Russ. 
J. Phys. Chem. 44, 150 (1970). 
e. See reference a. 
f. See reference a and A. D. Caunt and R. F. Barrow, Nature, 
164, 753 (1949). 
















Nature of the Detection Method and Comments 
Mass spectrometric analysis of lean H 2 -0 2 flames 
containing aluminum.a Controversial results. 
Inferred from optical spectroscopic study of free 
atom depletion in H 2 -02 -N 2 b and H 2 -02 -0O 2 c flames. 
Inferred from optical spectroscopic study of free 
atom depletion in H 2 -02 -N 2 b and H2 -02 -0O 2 c flames. 
Inferred from optical spectroscopic study of free 
atom depletion in H 2 -02 -N 2 b and H2 -02 -0O 2 c flames. 
Inferred from optical spectroscopic study of free 
atom depletion in H 2 -02 -1 2 b and H 2 -02 -0O 2 c flames. 
Inferred from optical spectroscopic study of free 
atom depletion in H 2 -02 -N 2 b and H 2 -02 -0O 2 c flames. 
Molecular emission observed in post-flame gases of 
H2-02 -N 2 flames.d Presence also inferred from 
optical spectroscopic study of free atom depletione 
-dissociation energy from depletion studies.e Also 
observed in acetylene-air or 02 flames.f 
Molecular emission observed in acetylene-air 
flames.d,f Presence also inferred from optical 
spectroscopic study of free atom depletion-
dissociation energy from depletion studies.e 
Emission in post-flame gases of H 2 -02 -N 2 flames.d , e 
Presence also inferred from spectroscopic study of 
free atom depletion-dissociation energy from deple-
tion studiese and mass spectrometry.9 
Sorre emission band spectra observed in acetylene-
air fl arre.f ,11 
Emission band spectra observed in acetylene-air, 
H 2 - 02 - N 2 and low pressure lean flames.' Presence 
also inferred from optical spectroscopic study of 
free atom depletion.J 
Emission band spectra observed in acetylene-air 
post- fl ame gases.d , k 
Presence inferred from optical spectroscopic study 
of free atom depletion.c,1 
Al kaline Earth Hydroxides 
CaOH 
TABLE 2 (continued) 
Species 
GaOH 
Nature of the Detection Method and Comments 
Presence inferred from optical spectroscopic study 
of free atom depletion.c, 1 
aM. Farber, R.D. Srivastava, M.A. Frisch and S.P. Harris, Faraday Symposium 8, 
High Temperature Studies in Chemistry, London, 1973. 
b D.E. Jensen and P.J. Padley, Trans. Faraday Society 62, 2132 (1966). 
cR. Kelly and P.J. Padley, Trans. Faraday Society 67, 740 (1971). 
d R.W. Reid and T.M. Sugden, Disc. Faraday Soc. 33, 213 (1962); L.V. Gurvich, V.G. 
Ryabova and A:N. Khitrov, in "High Temperature Studies in Chemistry", Faraday 
Symp. No. 8, Paper 8, Chem. Soc. London (1973); J. Van der Hurk, J. Hollander 
and C.T.J. Al kemade, J. Quant. Spectrosc. Radi at. Transf. 13, 273 (1973). 
e D.H. Cotton and D.R. Jenkins, Trans. Faraday Society 64, 2988 (1968). 
fCited in "Flame Spectroscopy" by R. Maurodiveanu and H. Boiteux, Wiley, New York 
(1965). 
gF.E. Stafford and J. Berkowitz, J. Chem. Phys. 40, 2963 (1964). 
h L.M. Bulewicz and T.M. Sugden, Trans. Faraday Society 52, 1481 (1956). 
M.J. Linevsky, Metal Oxide Studies; Iron Oxidation. Tech. Rep. RADC-TR-71-259. 
3 D.E. Jensen and G.A. Jones, J. Chem. Soc. Faraday Trans. I 69, 1448 (1973). 
kP.J. Padley and T.M. Sugden, Trans. Faraday Society 55, 2054 (1959). 
E.M. Bulewicz and T.M. Sugden, Trans. Faraday Society 54, 830 (1958); 54, 1855 
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ABSTRACT 
• 	There is considerable interest in the need to improve the operation of 
systems which can potentially serve as alternate energy sources. Entailed in 
this effort is the desire to understand the vapor phase chemistry and compounds 
which may enter as by-products of the system under consideration. These com-
pounds may have deleterious effects on the gas phase chemistry or play an im-
portant role through high temperature gas-solid corrosion kinetics. Here we 
outline the nature of the problem and focus on a subset of these molecules, the 
metal hydroxides and the alkali oxides and sulfides. A critical analysis of the 
data base is presented and new experiments are outlined which encompass the in-
vestigation of thermochemistry and the evaluation of molecular parameters through 
the study of visible, infrared, microwave and E.S.R. spectroscopy. Recent chemi-
luminescent experiments which lead to the evaluation of a new stringent lower-
bound for the K-OH band energy are summarized. This stringent lower bound 
(88.2 kcal/mole) correlates within the quoted error bounds with the absolute 
upper bound of previous experimental determinations. Preliminary laser fluores-
cence studies on Na20 are reported and the possible influence of "ultrafast" 
energy transfer (E-E and V-E transfer among the excited states of high tempera* 
ture molecules) on the behavior of energy generating systems is noted. 
INTRODUCTION 
Recently, substantial interest has focused on the development of 
systems and technologies which can serve to avert projected energy 
shortages through the use of alternate fuel sources. This need has 
heightened the necessity for improving and optimizing the efficient use 
of energy systems which are, at present, typically no more than 40% 
effiCient. 
For practically all viable energy conversion systems, the common 
optimization parameter is the temperature. Generally the higher the 
temperature, the greater the efficiency for converting a source of energy 
to useful work. This, of course, is a direct consequence of the Carnot 




source - Tsink )/Tsource 
where-
Emax is the maximum efficiency attainable for a given source and 
sink temperature. Based strictly on the efficiency criterion, it is 
apparent that a high source temperature is desirable for energy conversion 
systems. 
Suitable high source temperatures are definitely attainable. In 
coal or oil combustors or in nuclear fission fuel elements, where 
temperatures in excess of 2000 ° C are readily achieved,. basic system 
operation problems lie in the containment of these high temperature reactive 
fuel systems and of the working fluid used to transfer the heat to an 
energy conversion unit. While this is essentially a materials problem 
irvolving. in large part, mechanical or solid stat2 	 phenomena, 
some of the materials problems arise from high temperature gas-solid 
-2- 
corrosion reacts - 	-.rd va7cr phi,4se phenomena which may enter as by- 
products of the system under consideration (impurities such as the alkali 







 in MHD applications) into the flow. 
In this discussion, we will be concerned with a subset of these 
molecules which play an important role in high temperature vapor processes 
in the present technology or may be important in anticipated future 
developments. Unfortunately, data on these species is sparse and much 
work needs to be done. It is quite apparent that very stringent tolerance 
levels for certain species in process streams impose stronger requirements 
for reliable thermodynamic and kinetic data in order to predict the effects 
due to low level species concentrations. In addition, there must be serious concern 
focused on whether or not these systems are best represented via equilibrium 
or non-equilibrium models. The characterization of molecules in these 
systems requires the determination of bond energies and spectroscopic 
constants and may well require the elucidation of ultrafast intra- and 
intermolecular energy transfer.
1 
The evaluation of spectroscopic data 
leads to the determination of important molecular constants which can be 
used for the statistical mechanical evaluation of heat capacities, 
entropies and free energies, all of which are important to the understanding 
of energy related combustion and gasification environments. In addition, 
the determination of the optical signature for those Molecules of interest 
provides information useful for the characterization of non-equilibrium 
combustion phenomena and for the evaluation of kinetically dominated product 
formation routes. In order to focus on those areas where limited data 
needs considerable augmentation, we will first outlinn the nature of po rt i n  
specific systems. 
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NATURE OF THE PROBLEM 
Considerable effort will be required to attain basic parameters 
for molecules playing an important role in energy generating devices 
whose goal is the utilization of fossil fuel gasification and liquification. 
An important subset of these systems includes combustion powered magneto-
hydrodynamics (MHD). Because MHD attempts to make a more varied use of the 
combustion environment, we focus on the nature of MHD power generation; 
however, excluding the use of seed materials, all high temperature 
combustion systems (coal gasification, vapor phase processes associated 
with gas turbines, etc.) appear to be plagued by a similar group of 
deleterious high temperature vapor phase constituents. 
"MHD" 
The generation of electrical energy using combustion powered magneto-
hydrodynamic (MHD) systems has been the subject of considerable research 
effort in the past decade. In an MHD system one creates an electrically 
conducting "fluid" which, when passed through a magnetic field, develops 
an induced electric field across this fluid, along which a current can flow.
2 
A direct electric current can pass along the induced field to electrodes 
which may be connected to an external load. The typical MHD generator is 
usually comprised of a sequentially connected combustion chamber, a super-
sonic expansion nozzle, and a gas flow channel commonly referred to as a 
diffuser. Because the hot post-combustion materials normally have an 
insufficient free electron concentration to be good current carriers, 
thermally ionizable seed materials such as K 2CO3 and K2SO4 are generally 
added to the flow.
3 
Recent evaluations
41 of the status of MHD devices as via, 	Lnd 
competitive power systems indicate that the problems of maintaining gas  
-4- 
conductivity, s -1_1'i cccove(y 	' recovery rate for economical operation) 
and of inhibiting channel materials degradation (prevention of corrosion 
of channel walls through coal slag-electrode and slag-insulator inter-
actions) remain largely unsolved. 
In order to successfully model, and hence optimize, the design and 
operation of an MHD unit, it is essential to provide a rigorous accounting 
of the gas chemistry, particularly within the diffuser. Despite considerable 
effort in this direction, it does not appear that satisfactory predictions 
of the electrical conductivity associated with a seeded coal combustion gas 
are currently within the grasp of the technology. It is extremely difficult 
to determine species concentrations in these complex high temperature 
systems even if it is assumed that the gases are in thermodynamic equil-
ibrium. 
If equilibrium is assumed in the MHD channel, one can, from a 
knowledge of all the species present and their thermodynamic functions, 
calculate steady-state free electron concentrations for a variety of 
_ 	•__ 
composition, temperature and pressure conditions. Unfortunately, these 
calculations are based on primary thermochemical input data which is very 
Uncertain for some of the species (see below). In addition, these 
thermochemical evaluations rely heavily on a correct choice of species, a 
factor which is again uncertain. 
"Approximate Species Concentrations" 
Based upon currently available thermochemical data, it can be 
calculated (determination of species concentrations) that approximately half 
the potassium seed is present in the form of essentially unionizable KOH 
and is therefore unavailable as an electron source. At tewperatures in 
excess of 2600 K in a slightly lean coal/air combustion system at 3 atm 
pressure, the major potassium--containing species are calculated to be KOH, 
-5- 
K, KO and K+ . S Other significant vapor species include Si0 2 , FeO, OH, 
SO2 and NO in addition to the major combustion gas components N 2 , H 20, CO2 
 and CO. The primary slag or fly ash components include Si02 , Al 20 3 , 
Fe 304 , Ti02 , MgO, CaO, Na 20 and K20; however, evidence now exists that the 
negative ions of P0 2 , Fe0 2 , and A10 2 are potentially important since all 
of these species have high electron affinities. The presence of these 
impurities has important implications for cation formation and electron 
behavior in the MHD channel. Typical slag concentrations in a coal-fired 
system, while only on the order of 0.1%, can result in as much as 19% loss 
in electrical conductivity. 6 
The species we have mentioned and their possible precursors are not 
well characterized. The combined uncertainties in the heats of formation  
and molecular constants used in computing partition functions for KOH 
(JANAF)
7 
cause the concentration ratio of K to KOH to be uncertain by at 
least an order of magnitude. Because of this uncertainty, it is not possible 
to make a reasonable judgment as to whether the concentration of KOH is 
sufficiently high to require restrictions on the amount of hydrogen present 
in the fuel. Clearly, the successful thermodynamic modeling of MHD gas 
chemistry requires better basic data than are presently available. 
"Electron Transfer Cross Sections" 
Given that the equilibrium assumption is valid, we can define a 
steady state electron concentration in the MHD channel. Electron mobility 
is then determined from momentum transfer cross sections between electrons 
and other species. The momentum cross sections can be obtained from 
electron-molecule collision cross sections. These 'cross section' data 
are not known and can only be estimated very approximatJly. 
be said definitely is that the most polar species such as H 2 O and KOH 
-6- 
should have the highest cross sections. Indeed, the dipole moment of KOH 
is estimated to be 8 Debye.
6 
In systems where calcium and magnesium 
impurities are found, it would seem that CaOH and MgOH should be carefully 
considered. KOH, CaOH and MgOH are, at present, sparsely characterized. 
"Metal Hydroxides and the Hydrogen Fuel Economy" 
. Because of its close tie to those materials used to seed the MHD 
generator, KOH may well represent the most important hydroxide species in 
the MHD channel; however, the specific effect of the water vapor component 
of combustion gases on the channel components of any system (fossil fuel 
only or MHD) has not been considered carefully. It appears that volatile 
hydroxides of a number of species could be formed under typical operating 
conditions. 
The importance of metal hydroxide characterization increases markedly 
when one considers that many of the existing materials and seed recovery 
problems are derived from the presence of combustion impurities, particularly 
coal slag. Because future prospects for a hydrogen fuel economy may provide 
a source of clean fuel for MHD and other combustion systems, experimental 
and theoretical evaluations of an H2-02 MHD generator have been underway.
10 
A cost analysis indicates the H 2 fuel system to be comparable with other 
fuels, the reduced materials problems and low pollution produced making this 
an attractive alternative. There is one possible major drawback. The 
presence of a large H 2O concentration may prove to be detrimental if the 
high temperature materials are susceptible to the formation of hydroxide 
vapor species. In this light, it would seem that current and future 
Possibilities for energy conversion will require a good hydroxide data base. 
At t;:c. very least this data base should include thermodynan, -ic heats of forma-
tion and molecular constants on 	 the hydroxides of sodium, iron, 
-7- 
silicon, vanadium, 	 ,3nd magnesium. 
"The Alkali Problem and Sulfur Chemistry" 
The nature of coal-fired systems in general and the MHD channel in 
particular is such that "alkali cleanup"
11 
represents the most significant . 
problem which must be addressed. While thermodynamic calculations indicate 
the importance of the alkali oxides (especially KO in the MHD channel) ) 
 sulfur is also a significant impurity in coal-fired systems. Therefore, it 
is necessary to consider the nature of sulfur compounds and their relation 
to the only partially solved fuel corrosion problem. In focusing on 
turbine blade corrosion, the alkali sulfur salts are among the most important 
compounds which must be characterized. For example, in a combustion powered 
turbine system operating over a sea or ocean, sulfur may come in contact 
with sodium or potassium and one must assess the nature of alkali -sulfur 
compounds which are formed. 
Such data is also of importance for the characterization of most 
coal and heavy fuel fired turbine generators.
12 
Indeed, a great deal of 
effort is now focusing on fireside corrosion where one must consider the 
interactions of those alkali salts which plate out on boiler tubes.
12 
With this strong interest it is amazing to note that the data on sodium 
and potassium sulfur compounds (NaS, KS, Na 2S, K2S and higher sulfides) 
is miniscule. Information on molecular stabilities (heats of formation) 
and molecular constants must be obtained. 
"The Equilibrium Assumption" 
Our discussion thus far has been closely tied to the validity of 
the equilibrium assumption, and the problems of obtaining thermochemical 
and collision cross section data if this assumption is valid. However, 
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one of the troubleso e factors in the modeling of coal and heavy fuel fired 
systems appears to be a complex gas mixture which may not correspond to 
an equilibrium composition. The correct modeling may require the use of 
kinetic parameterization and the rates for product formation. Similarly, 
electron producing ionization kinetics may also be an important factor in 
determining MHD conductivity. 
In this connection one need only note the complex ion chemistry 
that results between metal additives and electrons in atmospheric laboratory 
flames. Indeed, the presence of excess concentrations of charged species 
in the reaction zone of hydrocarbon-containing flames has led to the 
suggestion of a non-equilibrium low pressure (q,0.1 atm) MHD generator.
13 
It is anticipated that the use of low gas pressures should allow the excess 
radical and ion concentrations generated by the combustion process to be 
maintained in the diffuser itself. Calculations show that, under these 
conditions, a 1500 K flame would give an ion yield equivalent to that of 
an equilibrium system at 2500 K. 13 
The possibilities noted here point strongly to the importance of 
considering controlled non-equilibrium environments and species formation 
in the modeling of the behavior of energy generating systems. It may be 
inappropriate to model these systems using only free energy minimization 
schemes. Product formation rates and ultrafast energy transfer may play 
a much more significant role than thermodynamics. In=any case, the 
parameterization of those gas phase molecules known to be present in these 
systems is of paramount importance to the successful application of any 
reliable approach to modeling. 
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"THE NATURE OF 7E fl17 2,ASE" 
In the following sections, we will outline and assess the nature 
of available data on several of the molecules whose importance has been 
considered in the previous section. Our emphasis will be on the metal 
hydroxides and the alkali oxides and sulfides. Our purpose will be to 
evaluate critically the data base and to suggest where further experi-
mentation is needed. 
METAL HYDROXIDES 
"Water Vapor-Solid Reactions with Hydroxide Vapor Products" 
While there have been several recent reviews 14 outlining evidence 
for vapor phase hydroxide formation, much of the evidence for hydroxide 
species is of an indirect and sometimes ambiguous nature. In a gas-solid 
system, the enhanced rate of transport for a given oxide in the presence 
of water vapor is usually taken to indicate formation of a volatile 
hydroxide species. Through systematic variation of gas composition and 
temperature one attempts to infer a formula for the transport species. 
In order to determine and extrapolate the pressure dependence of trans-
port and deposition processes, it is important to clarify the exact 
identity of the hydroxides involved.
15 
Thus far very few verifications 
of species identity have been made. Here thermodynamic and spectroscopic 
data can be of great importance. Only the hydroxides of the alkali metals, 
barium and aluminum appear to have been characterized by both mass and 
optical spectroscopy, and, in many cases, this optical spectroscopy is 
of an indirect nature (Table I). Our discussion will focus on the 
monohydroxides. Here compounds of the alkali's, BeOH, CaOH, t3a6, ind 




It appears that the major thermodynamic characterization of the 
metal hydroxides has been through flame studies. Table I summarizes 
those monohydroxides identified in flames while Table II indicates 
currently accepted bond dissociation energies for the monohydroxides. 
For the most part, molecular emission has been excited in post flame 
gases and in many of the studies noted in Tables I and II, only 
indirect evidence is obtained for the hydroxide. Only recently (see 
below) has molecular emission from NaOH and KOH been excited in a 
"chemiluminescent" reaction.
16 
Molecular emission tentatively 
attributed to CaOH* has also been observed in calcium oxidation flames
17 
and some laser fluorescence studies of this alkaline earth hydroxide 
have also appeared.
18 
From Table II, it is clear that only two compounds have been 
characterized mass spectrometrically. Studies of the Group IIA 
hydroxides at elevated temperature are precluded for all but the barium 
compounds
19 
because of a very high propensity for disproportionation to 
the oxides and resulting loss of water. Difficulties encountered in 
studying the alkali hydroxides may well stem from the tendency to form 
dimeric species upon vaporization. We should also note that lithium 




and Ba0H 19 ' 22 via flame and mass spectrometric studies are 
in reasonable but not spectacular agreement. 
"Molecular Parameterization - The fikali Hydroxides" 
With the exception of the alkali metal compounds, molecular parame-
terization is virtually non-existent for the hydroxides. Abramowitz and 
coworkers
23-24 
 have obtained infrared spectra for matrix isolated NaOH, 
• RbOH, and CsOH and their deuterated analogs. Belyaeva et. al.
25 
have 
studied the infrared spectra of matrix isolated KOH. The data from these 
groups is summarized in Table III and corresponds to the assignment of 
vi , the MO stretching mode and v 2 , the bending mode. Extensive microwave 
and millimeter wave studies have now yielded significant parameterization 
for the ground states of NaOH, KOH, RbOH, and Cs0H,
26-31 
and rotational 
constants have been obtained for several excited vibrational levels. 
As we have noted, KOH is one of the most important constituents in the 
high stress environments characterizing energy generating systems. While 
ground state rotational parameters have been determined for KOH and KOD, 
vibrational frequencies are still estimated for higher vibrational levels.
32 
Although matrix data is available on the fundamental vibrations, no gas 
phase measurements have been made and no anharmonicities are known for 
any of the alkali hydroxides. There is hope, however, that recent 
chemiluminescent studies
16 
can be correlated with the millimeter wave data 
to provide an extensive mapping of the vibrational structure of the ground 
electronic state. These studies have already provided at stringent lower 
bound for the KOH dissociation energy (88.2 kcal/mole) significantly higher 
than that indicated in the Janaf tables (85.4). Because of its potential 
for the parameterization of KOH and the alkali hydroxides in general, we 
fi";a1 that :1 summary of the present status of this work is n:--opriate. In 
this regard, it is instructive to compare the alkali halides and hydroxides. 
In Table IV, we present thermochemical data on the fluorides, chlorides, 
-12- 
and hydroxides of poiLassium, so,iium and rubidium. Comparisons will be made 
between these species because (1) they are valence isoelectronic and (2) 
their observed emission spectra are expected to be similar. 
It is generally felt that the nature of the bonding in the alkali hydroxides 
should be intermediate to that in the fluorides and chlorides. With this 
in mind, the trends in Table IV would seem to indicate the possibility of 
a bond strength higher than the mass spectrometric value. This is signifi-
cant since the flame studies do indicate a higher value for the bond 




have obtained a KOH* chemiluminescent spectrum 
under a variety of conditions. The observed emission for KOH correlates 
closely with expectations based on the known chemiluminescent emission 
for KC1. In order to understand the nature of the KOH emission spectrum, 
it is instructive to consider spectra for the alkali halides. 
Alkali halide spectra have been obtained in three distinct experi-
mental environments.
33 They have been observed under "single collision" 
conditions where alkali dimers and halogen molecules react in a 
four-center process 
M2 + X2 	MX* + MX 	 (1) 
the resulting MX* product emitting a photon before undergoing subsequent 
collision. 34 These studies have been extended to "multiple collision" 
conditions by entraining the alkali dimers in argon and subsequently 
oxidizing this mixture.
35 
A much more effective collisional environment 
consists of a "diffusion flame" device where oxidant is passed through a 
nozzle into a bulb containing several torr of alkali vapor a j one to 
twenty torr of argon. 
-13- 
In Figure 1, we depict emission spectra obtained for KCl, RbC1, 
and CsCl under single collision conditions. The nature of the potential 
curves which give rise to the spectra in Figure 1 is depicted in Figure 
2. Although drawn for KBr, the general features are similar for all 
the alkali halides. The alkali halides are characterized by a relatively 
stable ionic ground state and a grouping of several very shallow or 
repulsive excited states. The emission which one observes corresponds 
to a transition from one of the shallow or repulsive states to levels of 
the ground electronic state, the spectrum corresponding to a long pro-
gression in the vibrational levels of the ground electronic (ionic) 
state. The very shallow nature of the excited state potential has 
important consequences. One finds that the KC1 spectrum changes drasti-
cally with the form of excitation and the experimental technique used to 
produce the emission system. The "single collision" spectrum in Figure 
1 onsets at 4180A (68.4 kcal/mole). A very similar spectrum is obtained 
when potassium dimers are entrained in argon and this mixture oxidized 
in § multiple collision device. A drastic change occurs when the reaction 
(1) is studied in a diffusion flame environment. Here t'ie onset of the 
° 
KC1 spectrum is at 2866A
36 
 some 1300A to blue of the single and multiple 
collision spectrum. This large change signals an important characteristic 
of the alkali halide excited state potential. Whereas emission spectra 
involving strongly bound excited states are not drastically altered by 
the nature of a changing effective potential due to rotation, the shape 
and nature of shallow or repulsive states can be drastically altered by 
rotational excitation. This is exemplified for KI in Figure 3.
37 
Here 
effective potential curves are constructed as a function of the rot_aLional 
quantum number J and the relation 
Veffective" ) = 	 2 ( Vrotationless 4- 4igV ) ) 	 (2) 
-14- 
It should be noted that there is a substantial change in the 
minima for the effective potentials as a function of increasing 
rotational excitation and hence the quantum number J. The high J 




 the low J potentials correspond to the diffu- 
° sion flame emission system onsetting at 2866A. 36  As a result of this 
shift in the excited state potential one observes emission to differing 
sets of ground state levels. In the diffusion flame experiments 
emission is observed to much lower regions of the ground state potential 
and hence the spectra onsets much further to the blue. 36 
The spectrum for potassium hydroxide has been obtained by Cardelino 
et. al.
16 
upon reacting potassium with hydrogen peroxide (90+%). The process 
which yields chemiluminescence is believed to correspond to the four 
center reaction 
K2 + HO - OH -÷ KOH* + KOH 	 (3) 
where KOH* denotes electronically excited KOH. The close analogy which 
the potassium hydroxide spectrum bears to that of KC1 leads to comparisons 
between the two molecules which, in the final analysis, involve a direct 
determination of the K-OH bond energy. 
The change in the emission spectra for the alkali halides as a 
function of experimental conditions may also be manifest in the alkali 
hydroxides. One anticipates that the potential function describing the 
K-OH stretch will be similar to that for KC1. If the potential curves 
for the excited states of K-OH are similar to those for KC1, they should 
be shallow and the KOH emission spectrum which results from reaction (3) 
should :jorple significantly with excitation technique. ihi is ob-
served, although the effect is not as pronounced as that in KC1. Single 
-15- 
and multiplo collision spectra for KOH onset at 3840A whereas the 
spectrum obtained in a diffusion flame (Figure 4) onsets at 3240A. 
This significant change signals the observation of a shallow "effective" 
potential for the K-OH normal mode.
38 
The KC1 and KOH spectra correspond to emission from shallow 
effective potentials close to the dissociation asmptote (Figure 2 and 
3) of the ground electronic state. Given that we have strong evidence 
for these shallow effective potentials, we can use the onset of spectral 
emission to estimate the dissociation energy for the K-Cl and K-OH bonds. 
Because the diffusion-flame results must correspond to emission to lower 
levels of the ground state potential, this onset is chosen to give the 
best estimate of the bond dissociation energy. For K-Cl, the onset at 
2866A corresponds to 99.8 kcal/mole. This should be compared to the 
value in Table IV: Dg(K-C1) = 102.6±2 kcal/mole. It should be apparent 
that we are able to estimate a good lower bound to the K-Cl dissociation 
energy from the energy corresponding to the onset of the K-Cl diffusion 
flame spectrum. The onset of the KOH diffusion flame spectrum at 3240A 
yields a lower bound of 88.2 kcal/mole for the K-OH bond energy. 39 
The result obtained by Cardelino et. al.
16 
is significant for 
several reasons. It represents the first direct measurement of the 
bond energy for this species. The lower bound deduced for the K-OH 
bond strength indicates that the correct dissociation energy is on the 
order of 90±2 kcal/mole. This value considerably exceeds that obtained 
in the only mass spectrometric study of the monomer quoted in Table /V. 
The much higher value for the KOH bond energy is more consistent with the 
bounds estimated from metal atom flame depletion studi2 - , ':t does 
indicate a slightly higher value.
39 A several kilocalorie increase in 
the KOH bond strength has significant implications for the stability and 
effect of this compound in energy generating systems.
40 
-16- 
It is anticipated that further studies of the K2 -H 2 02 diffusion 
flame system will improve the lower bound currently quoted for the K-OH 
bond-energy. It should be noted that the present result is not 
' inconsistent with the recent findings of Wormhoudt and Kolb. 41 These 
authors observe unusually high KOH concentrations in their studies 
of coal fired MHD plasmas. Also 3 recent theoretical calculations by 
England42 indicate the possibility of a higher K-OH bond energy. 
In addition to a refinement of the K-OH bond energy, higher 
resolution spectra of the K2 -H 20 2 diffusion flame should provide very 
useful information on the vibrational structure of the ground state 
normal mode "hot" bands. With reasonable luck, it should be possible 
to correlate these studies with the millimeter wave results mentioned 
earlier. The structural parameters (molecular constants) obtained will 
be of use in the calculation of thermodynamic properties for KOH. 
"The Alkaline Earth Hydroxides" 
To date,there is very little molecular parameterization on the 
alkaline earth hydroxides. Brom and Weltner have obtained ESR spectra 




have studied laser excited 
molecular fluorescence from CaOH and SrOH in an air-acetylene flame, 
proposing a preliminary energy level diagram for CaOH. These authors 





More recently Haraguchi et. al.
48 
have excited laser fluorescence from BaOH again indicating the nature of 
previous absorption 49 and emission 50 studies and presenting a preliminary 
energy level diagram. 
-17- 




have succeeded in obtaining "single collision" emission 
from CaOH, determining a preliminary CaOH bond energy of 102.8 kcals/mole. 
This result is in good agreement with the flame studies of Cotton and 
Jenkins 52 and Kalff and Alkemade.
53 
These studies will be extended to 
consider strontium and barium reactions allowing the determination of 
lower bounds for the alkaline earth hydroxide bond energies. It should 
be noted that the calcium and strontium compounds do not appear to be 
accessible to mass spectrometry. 
The sparse nature of the data on the alkaline earth hydroxides 
definitely leaves a very fruitful and potentially significant area for 
study. 
"Other Metal Hydroxides" 
There, is no doubt that experimental techniques developed - for the alkali and 
alkaline earth hydroxides will soon be extended to other important metal 
hydroxides. Of particular note should be the hydroxides of vanadium, 
silicon, and iron. These species will weigh heavily in future technological 
developments. 
"BONDING AND SPECTRA OF THE ALKALI MONOXIDES AND MONOSULFIDES" 
A. 	Bonding in the Diatomic Metal Oxides and Sulfides 
There have been relatively few spectroscopic or thermodynamic 
studies of the alkali oxides. Based on the results of molecular 
beam experiments (alkali metals + NO
2
), Herm and Hershbach
54 
have 
estimated the MO bond dissociation energies as 	 Lip] 	- 
Na0 (67±3), KO (71±3), Rb0 (68±3), and Cs0 C70±3 kcal/mole).. The 
-18- 
value for Na0 is in fair but not spectacular agreement with the 
value of 60.3±4 kcal/mole deduced by Murad and Hildenbrand
55 
using mass spectroscopy. Fundamental frequencies for Li0 
(750 cm-1 ), 56 KO (384), 57 and Cs0 (314) 57 have been measured 
using matrix isolation spectroscopy; however, the corresponding 
infrared absorptions in Na0 and Rb0 have not yet been observed. 
Evidence has been obtained for a change in the orbital 
makeup and symmetry of the ground electronic state upon tra-
versing the series Li0...Cs0. The electronic ground state of 
Li0 is
2^
..Freund et. al. 58 have obtained very detailed spectra 
which demonstrate that this molecule is well represented by a 
crystal field model based on Li CI 0 G. This model is in accord 
with ab initio calculations. 59 
Reactive scattering experiments
54 
have indicated that Na0 
also has a 
2
II ground state whereas the ground state of Cs° is of 
.2E symmetry. Most recently ESR-matrix experiments 50 have also 
demonstrated that Rb0 and Cs0 have 
2
E ground states whereas the 
ground states of LiO, Na0 and KO are probably 
2
H.• A recent 
theoretical calculation 61 is in slight conflict with this 









ground state conflicts with the 
simple ionic model in which the electron donated by the alkali 
atom enters the 2pa oxygen orbital along the internuclear axis, 






3 molecular orbital configuration). An explanation for the 
observed trends can be obtained by evoking the concept of 
"inner shell bonding" in which one considers the mixing of 
filled (n-1)p alkali orbitals with the 2p oxygen orbitals. 
-19- 
Figure 5 contrasts the r 	'lar orbital scheme for NO based on 
the alkali valence orbitals with the adjusted intershell orbital 
scheme for Cs0.
60,61 
The alkali monoxides are highly ionic 
CD molecules, M 	0 0 , in both schemes but the latter gives a 2: 
ground state (...7
4
a). The change from the valence to the inner 
shell scheme is governed by the location of the (n-1)p orbitals 
of M
+
. These orbitals lie far below the 2p orbitals of 0 for 
Li or Na but become comparable in energy for Rb or Cs. 
The significance of the orbital scheme discussed above can 
best be understood if we focus on the calculated ab-initio curves 
for Li0 (Figure 6). It is apparent that the ground X





states are separated by less than 2300 cm
-1
. This 
energy increment will decrease for the sodium and potassium oxides. 
For RbO, the A
2









• 	While the sulfides are expected to display similar bonding 
trends, it may well be that the possibility of "inner shell bonding" 
decreases because of the small binding energy for the 3p electron 
on sulfur. .Therefore, the ground states of LiS, NaS and KS are 
expected to be 211 and the ground state of RbS may be 211 with a 
very low lying 2E state. To date, no information is available on 
the alkali sulfides; however, the metal sulfide bond energie's 
are expected to be somewhat lower than the corresponding oxides. 
As should be apparent from the previous discussion, data 
which will prove of use for the future assessment of metal oxide 
and sulfide interactions is virtually unavailable. The character-
zation of these species will not represent a trivial problem. 
Experimental difficulties which are already substantial are 
-20- 
further complicated by the presence of the very low-lying 2E (LiO, NaO, 
etc.) or 
2
II (RbO, CsO, etc.) state. In order to characterize the 2E and 
2
II states, it may be appropriate to search for higher-lying electronic 
states; however, predissociative effects will soon plague this search. 





may lead to some elucidation of the molecular parameters for the alkali 
oxides, however, this data is only in a preliminary state.
62 
B. 	"Bonding in the Triatomic Alkali Oxides and Sulfides M 20 and M2S" 
Yet another interesting group of compounds whose characterization 
will represent a significant contribution are the alkali oxides, M 20. 




and infrared fundamentals (v
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however, thus far, there appears to be no 
definitive gas phase data on these compounds and no data whatsoever 
on Na 2O. 
"Laser Spectroscopy on Na 20 - A Preliminary Study" 
In order to efficiently excite fluorescence from Na 20, Crumley 
et. al.
64 
have constructed the device depicted in Figure 7. Figures 
7(a) and 7(b) indicate the overall layout of the cell used in these 
experiments. Figure 7(c) indicates the window design which is 
frequently necessary when working with refractory species, the gas 
flow system being designed to provide a uniform circulation of gas 
over the windows. In order to carefully control the vaporization 
Of Na 2
0 in a very localized region, the device depicted in Figures 
-21- 
7(d) and 7(e) is used. 'A consists of a crucible which is suspended 
on a 1/8" stainless steel tube such that once the overall device is 
connected to the cell sidearm, the crucible is centrally located to 
the viewing port. The positioning control whose diameter is the same 
as the window shown in Figure 7(c) is held in place in precisely the 
same fashion as the window. When connected to the overall cell, the 
crucible holder is rotated 90° with respect to its depiction in the 
Figure. When the cell is in operation, a laser beam traverses the 
path indicated in Figures 7(b) and 7(d). Na 20 is directly vaporized 
through a thin slit into the path of the laser beam. The slit and 
the laser beam are parallel and the laser induced fluorescence is 
viewed at 90°.
65 
Using the cell described above and various pumping schemes, 
Crumley et. al. 64 have carried out experiments at both 100 u 
(primarily background argon) and 10 -6 torr. This range of background 
preSsure allows one not only to do spectroscopy but also to observe 
quenching effects which appear to be quite significant for Na 20. 
Thus far, experiments have been conducted primarily with an argon 
ion laser; however, some excitation has been accomplished with a 
rhodamine dye laser. Examples of the spectra tentatively assigned 
to Na
2
0 are shown in Figure 8. They correspond to excitation at 5145 
and 4880A. It appears that one can excite laser induced fluorescence 
with several of the available argon ion laser lines (4579, 4880, 
4965, 5017, 5145A) and that the fluorescence spectra can be inter-
connected (significant overlap) in a rather substantial Deslandres 
Table. Much of the analysis of the observed spectra 	' -2pPndtd 
on relating the Na20 studies to available information on Li 20. These 
-22- 
data come pri7arily from r 	isolation spectroscopy
56 and recent 
quantum chemical calculations. 63 Briefly, the data has been used 
to (1) attempt to e stimate the normal frequencies of vibration for 
Na
20 based on a reasonable extrapolation from Li 2
0 and (2) determine 
the most likely electronic transition which should be excited in 
the visible using an argon ion laser. 
Using a notation common to several quantum chemical descriptions 
of linear Deoh Li 20, the valence orbital configuration for the ground 
state is 
...(30 ) 2 (0_ N2,, 	4 
g l 	"uu i 1/4 "Tu 
where the valence orbitals are constructed primarily from 2s and 2p 
electrons on lithium and oxygen. The lowest Li 20 excited states 


























and Grow and Pitzer
63b 
have shown that these states are very low 
lying (6'Eexcitation 	
1.3 eV); therefore it is unlikely that even 
the strongly allowed 
1
n u - 1 E g  transition corresponds to the fluorescence 
observed upon single photon pumping with an argon ion laser. A 
further promotion which will result in a strongly allowed transition, 




















One anticipat.cf. that the 	sible transition in Na
2
0 which is pumped 
by the argon ion laser corresponds to a 1 E 	E + excitation u
+ 1  
involving the analog of configurations (4) and (7?. In pumping this 
transition one removes an electron from an orbital which is both 
Na-0 and Na-Na antibonding and promotes this electron to an orbital 
which is both Na-O and Na-Na bonding. Hence, one expects that both 
the excited state stretching and bending frequencies should exceed 
that of the ground electronic state of Na 20. 
The ground state frequencies for Li
2
0 are (matrix isolation 
spectroscopy) v 1 	760 cm-1 , v2 	112 cm-1 , and v3 	990 cm-1 . 
Formulating a normal coordinate analysis based on the Li 20 
measurements, one estimates a vibrational frequency of between 540 
and 585 cm
-1 
for the symmetric stretch (v
1
) and 74 cm
-1 
 for the 
bending mode of Na 20. This is not unreasonable when comparisons 
are made with Na0 where the vibrational frequency appears to be 
-519 
cm-161 (recall that Na 2 0 is thought to be a linear molecule). 
Although absolute quantum level numberings have not been 
assigned, extensive Deslandres Tables for the pumped transitions 
indicate an upper state vibrational frequency of -650 cm
-1 
and a 
lower state (ground state) frequency of -550 cm
-1 
consistent with 
the predictions outlined above. In addition, a closer view (Figure 
9) of a region of the 5145A spectrum in Figure 8 reveals what appear 
to be -70 cm
-1 
separations expected for the ground state bending mode of 
Na 20. Tentatively, it appears that the spectra correspond to 
progressions in the symmetric stretching and bending modes of the 





These stun, ._ 	 of providing information which is 
extremely useful for the understanding of fundamental dynamic processes 
such as the reaction of sodium dimers and oxygen atoms and they also 
establish a foothold for analyzing kinetic processes in which Na 20 
plays a significant role. Because Na 20 represents an important 
constituent in energy generating systems, one desires a means to 
carefully monitor its behavior. It should also be noted that in 
addition.to their use for the characterization of reaction kinetics, 
such studies, while still in their early phases, may well allow 
the determination of parameters useful in thermodynamic evaluations. 
Before the advent of the laser, the study of these elevated 
temperature free radicals rested primarily within the province of 
the matrix isolation spectroscopist. The versatility introduced 
by the laser should allow the future comparison of molecular 
behavior in gas phase and matrix environments. 
FURTHER CONSIDERATIONS 
We have attempted to indicate the nature of several important 
and yet sparsely characterized systems whose study will greatly aid 
the understanding of the gas phase chemistry associated with energy 
generating systems. While our discussion has focused primarily on 
bond energies and molecular parameterization, kinetics and energy 
transfer must also play an important role in the realistic description 
of a system. The correct modeling of energy generating systems is 
the subject of some controversy. Strong evidence is emerging which 
indicates that the modeling of an energy system assuminn thermodynamic 
equilibrium and applying "free energy minimization" may not be entirely 
or even partially appropriate. In the vast majority of the systems 
-25- 
where thermodync.,..,s and U.Letics both play a role, observed phenomena 
are in large part controlled by the rates of various processes. Hence 
current modeling efforts are incorporating kinetic parameters.
40 
In 





torr), we have observed and characterized ultrafast intra-
molecular energy transfer routes among the electronically and vibra-
tionally excited states of several high temperature molecules. Thus 
far, these studies have indicated that energy transfer can occur at 
rates which may approach 1000 times the calculated gas kinetic rates. 
These surprising results demonstrate that vibrationally and/or 
electronically excited high temperature molecules act as if they were 
"large" or "diffuse" entities capable of strong interaction at very 
long range. This rapid energy transfer is a general phenomenon and 
effects have been observed in several molecules including SiO and KOH. 
The observation of such rapid energy transfer may have significant 
implications for the modeling of energy generating systems and the 
characterization of heat flow in these systems. 
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TABLE I 
Observations of the Metal Monohydroxides 
Species 	 Nature of the Detection Method and Comments 
AlOH 	 Mass spectrometric analysis of lean H 2 -0 2 flames 
containing aluminum.a Controversial results. 
Alkali Hydroxides 
Inferred from optical spectroscopic study of free 
atom depletion in H 2 -02 -N 2 b and H 2 -0 2 -0O 2 c flames. 
Inferred from optical spectroscopic study of free 
atom depletion in H 2 -0 2 -N 2 b and H 2 -02 -0O 2 c flames. 
Inferred from optical spectroscopic study of free 
atom depletion in H 2 -02 -N 2 b and H 2 -02 -0O 2 c flames. 
'Inferred from optical spectroscopic study of free 
atom depletion in H 2 -02 -N 2 b and H 2 -0 2 -0O2 c flames. 
Inferred from optical spectroscopic study of free 
atom depletion in H 2 -02 -N 2 b and H 2 -02 -0O 2 c flames. 
Alkaline 'Earth Hydroxides 
Molecular emission observed in post-flame gases of 
H2-02 -N 2 flames.d Presence also inferred from 
optical spectroscopic study of free atom depletione 
-dissociation energy from depletion studies.e Also 
observed in acetylene-air or 0 2 fl ames . f 
Molecular emission observed in acetylene-air 
flames.d,f Presence also inferred from optical 
spectroscopic study of free atom depletion-
dissociation energy from depletion studies.e 
Emission in post-flame gases of H 2 -0 2 -N 2 flames.d , e 
Presence also inferred from spectroscopic study of 
free atom depletion-dissociation energy from deple-





Some emission band spectra observed in acetylene-
ai r flarne.f , h 
Emission band spectra observed in acetylene-air, 
H 2 -0 2 -N 2 and low pressure lean flames.' Presence 
also inferred from optical spectroscopic study of 
free atom depletion.J 
Emission band spectra observed in acetylene-air 
post-flame gases.d , k 
Presence inferred from optical spectroscopic study 









TABLE I (continued) 
Species 	 NT:ture of the Detection Method and Comments 
GaOH 	 Presence inferred from optical spectroscopic study 
of free atom depletion.c,l,m 
aM. Farber, R.D. Srivastava, M.A. Frisch and S.P. Harris, Faraday Symposium 8, 
High Temperature Studies in Chemistry, London, 1973. 
bD.E. Jensen and P.J. Padley, Trans. Faraday Society 62, 2132 (1966). 
CR. Kelly and P.J. Padley, Trans. Faraday Society 67, 740 (1971). 
dR.W. Reid and T.M. Sugden, Disc. Faraday Soc. 33, 213 (1962); L.V. Gurvich, 
Ryabova and A.N. Khitrov, in "High Temperature Studies in Chemistry", Faraday 
Symp. No. 8, Paper 8, Chem. Soc. London (1973); J. Van der Hurk, J. Hollander 
and C.T.J. Alkemade, J. Quant. Spectrosc. Radiat. Transf. 13, 273 (1973). 
eD.H. Cotton and D.R. Jenkins, Trans. Faraday Society 64, 2988 (1968). 
fCited in "Flame. Spectroscopy" by R. Maurodiveanu and H. Boiteux Wiley, New York 
(1965). 
9F.E. Stafford and J. Berkowitz, J. Chem. Phys. 40, 2963 (1964). 
h
L.M. Bulewicz and T.M. Sugden, Trans. Faraday Society 52, 1481 (1956). 
1 M.J. Linevsky, Metal Oxide Studies; Iron Oxidation. Tech. Rep. RADC-TR-71-259. 
3 D.E. Jensen and G.A. Jones, J. Chem. Soc. Faraday Trans. I 69, 1448 (1973). 
l(P.J. Padley and T.M. Sugden, Trans. Faraday Society 55, 2054 (1959). 
1 
E.M. Bulewicz and T.M. Sugden, Trans. Faraday Society 54, 830 (1958); 54, 1855 
(1958). 
mL.v. Gurvich and V.G. Ryabova, High Temp. USSR 2, 486 (1964). 
TABLE II 
Dissociation Enrgies of Metal Monohydroxides 
Species D (M-OH) 
kCals/mole 
Comments 
LiOH 	 103 ± 2a 	 H
2  -02  -CO2  flames 2nd law determination 





2 flames 2nd law determination 
KOH 	 84 ± 2.5a 	H2-02-0O2 flames 2nd law determination 
3b 80 ± 3 KOH 	 Mass spectrometry 
RbOH 	 86 ± 3a 	 H2-02-0O2 flames 2nd law determination 
CaOH 	 96c 	 Rich hydrogen-air flames 




Quoted uncertainty < 2.5 kcals mole 
SrOH 	
95e 	
See text for discussion 
103e 
102f 	 Quoted uncertainty < 2.5 kcals/mole 
BaOH 	 111c 	 See text for discussion 
114.3e 	 See text for discussion 
11 .3E Quoted uncertainty < 2.5 kcals/mole 
107g 	 Mass spectroscopy 
109 ± 3
d 	 See text for discussion 





flame 2nd law determination 
86 ± 7
h 
H2-02-N2 flames 2nd and 3rd law determination 
CaOH 	 102 ± 5
h 	
H2-02-N2 flames 2nd and 3rd determination 
<7 2a T1OH 	  	 H2-0 9- 00 9 firTne 2m1 law cl^tm7-min2t7r. 
FeOH 	 100 ± 3i 	 Low pressure H2-02-N2 flames 
TABLE II (cont.) 









k 	 Thermochemistry and reactions in hydrogen 
oxygen flames 
TABLE II (cont.) 
a
R. Kelly and P.J. Padley, 	l'arnday Society 67, 740 (1971). 
bL.N. Gorokhov, A.V. Gusarov and I.G. Panchenkov, Russ. J. Phys. Chem. 44, 150 
(1970). 
Gurvich, V.G. Ryabova and A.N. Khitrov, in "High Temperature Studies in 
Chemistry," Faraday Symposium No. 8, Paper 8, Chem. Soc. London (1973). 
dV.G. Ryabova, A.N. Khitrov, and L.V. Gurvich, High Temperature 10, 669 (1973). 
eD.H. Cotton and D.R. Jenkins, Trans. Faraday Society 64, 2988 (1968); also 
K. Schofield and T.M. Sugden, Symp. (Int.) Combust. 10th, p. 589, Combust. Inst., 
Pittsburgh, PA. 
fP.J. Kalff and C.T.J. Alkemade, Combust. Flame 19, 257 (1972). 
gF.E. Stafford and J. Berkowitz, J. Chem. Phys. 40, 2963 (1964). 
hE.M. Bulewicz and T.M. Sugden, Trans. Faraday Society 54, 830, 1855 (1958). 
M.J. Linevsky, Metal Oxide Studies; Iron Oxidation. Tech. Rep. RADC-TR-71-259. 
i E.M. Bulewicz and P.J. Padley, Trans. Faraday Soc. 67, 2337 (1971). 
kD.L. Jackson, Thermodynamics of Gaseous Hydroxides, UCRL 51137, L.V. Gurvich 
and I.V. Veits, Dokl. Akad. Nauk. SSSR 108, 659 (1956). Note also M. Farber and 
R.D. Srivastave, "Thermochemical Reactions of aluminum and fluorine in hydrogen-
oxygen flames, Combust. Flame 27, 99 (1976). 
Table III 





-1 Molecules 	 ('cm ) (cm 1) 
Cs011
a 










 345±3 229±3 
ROHM 408 300 
xoDc 399 264 




a. Ref. 23 
b. Ref. 24 
c. Ref. 25 
Table IV 
Comparison of Thermocho -LL_ 	1. - La for the Alkali Fluorides, Chlorides, and Hydroxides 
Molecules 	Dg(M-X) 	 Comments 
KF 	 117a 	 Thermochemical 
KCl 	102.6±2
b Thermochemical and Photofragment 





 flames 2nd law determination 
80±3
d Mass spectrometry 
85.4±3 	 (JANAF tables estimate) 
NaF 	123 	 NaOH 79±2 c (flame--2nd Law) 
NaCl 	97
. 6±2b  
RbF 	115e 	 RbOH 86±3e (flame--2nd law) 
RbC1 	101.3±2
b 
a. E.M. Bulewicz, C.G. James, T.M. Sugden, Trans. Faraday Soc. 37, 921 (1961); 
A.G. Gaydon, "Dissociation Energies and Spectra of Diatomic Molecules," 3rd 
Edition, Chapman and Hall, 1968. 
b. T-M.R. Su and S.J. Riley, J. Chem. Phys. 72, 6632 (1980). 
c. R. Kelly and P.J. Padley, Trans. Faraday Society, 67, 740 (1971) 
also the average of three other flame studies by Smith and Sugden Proc.. Roy. 
Soc. A219, 304 (1953) [86±1]; Jensen and Padley, Trans. Fara. Soc. 62, 2132 
(1966) [82±2]; Cotton and Jenkins, Trans. Fara. Soc. 65, 1537 (1969) [86±2]. 
d. L.N. Gorokhov, A.V. Gusarov and I.G. Panchenkov, Russ. J. Phys. Chem. 44, 150 
(1970). 
e. See reference a and A. D. Caunt and R. F. Barrow, Nature, 164, 753 (1949). 
Figure Captions  
Figure 1: Chemiluminescent spectra of (a) KC1, (b) RbC1, (c) CsCl, with a resolu-
tion o :E 5A or better. Also present in each trace are atomic (alkali) 
lines, some of which are off scale. (taken from reference 34.) See 
text for discussion. 
Figure 2: Potential energy curves for an alkali halide molecule (drawn for KBr) 
showing the "zeroth order crossing" of the ionic and covalent states. 
Note the shallow excited electronic states close to the ground state 
dissociation asymptote. 
Figure 3: Effective excited state potential curves for KI constructed from the 
rotationless potential of Kauffman, Kinsey, Palmer, and Tewarson 
(reference 37) assuming a dissociation asymptote of 27000 cm- 1 (see 
reference 34). 
Figure 4: Chemiluminescent spectrum obtained for KOH* formed in a diffusion flame 
environment. See text for discussion. 
Figure 5: Molecular orbital scheme for the alkali monoxides (taken from the work 
of Lindsay, Kwiram and Herschbach - Reference 60) See text for discus-
sion. 
Figure 6: Potential curves based on extensive configuration interaction calcula-
tions on the X 2 11 and A2 E4- states of L10. 
Figure 7: Schematic diagram of apparatus for laser fluorescence studies of Na 20. 
See text for discussion. 
Figure 8: Laser induced photoluminescence spectra tentatively correlated with 
Na
20 taken at a resolution of 1A and using the 5145 and 4880A argon 
ion laser lines for excitation. See text for discussion. 
Figure 9: Close-up of laser induced photoluminescence spect -gum tentatively 
correlated with Na 20 taken at a resolution of 0.5A and using the 51451 
arg on ion laser line for excitation. See text for discussion. 
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APPENDIX F 
LASER FLUORESCENCE STUDIES OF REF'RACIO COMPOUNDS 
(Reprinted from Electro-Optics/Laser 80) 
LASER FLUORESCENCE STUDIES OF REFRACTORY COMPOUNDS 
by 
James L. Gole 
Georgia Institute of Technology 
Atlanta, Georgia 
As should be apparent from the wide diversity of topics discussed throughout the technical ses-
sions'associated with Electro-Optics Laser 80, lasers are finding increased use in a wide diversity of 
areas. In this discussion, we are concerned with a subset of these applications, namely, the charac-
teri -ation of refractory compounds using laser fluorescence techniques. In these few pages we hope to 
provide some feeling for the manner in which lasers can be combined with high vacuum and high tempera-
ture technology in order to elucidate the molecular electronic structure of high temperature molecules. 
The chemistry and spectroscopy of high temperature molecules are complicated because of (1) the 
substantial density of states and (2) the diversity of populated levels at the typical temperatures 
necessary to produce sufficient gas phase concentrations for study. It is also difficult to maintain 
substantial concentrations because of the extremely reactive nature of most high temperature molecules. 
With the advent of the laser and its combination with modern sampling techniques, many of these prob-
lems are being obviated. Here, we will exemplify a portion of this work by considering the laser 
induced fluorescence of (1) Na20 and Li20, two compounds of significant import to the energy technolo-
gies . and (2) refractory species cooled in supersonic expansion: This latter topic will include a dis-
cussion of the characterization of hydrodynamically expanded sodium and copper vapor. 
Laser Spectroscopy of Na iO and Li20 i  
-In order to efficiently excite fluorescence from Na,0 and Li 20 we have constructed the device 
.depicted in Fig. 1. Figs. 1(a) and 1(b) indicate the overall layout of the cell used in these experi-
ments. Fig. 1(c) indicates the window design which is frequently necessary when working with refrac-
tory species, the gas flow system being designed to provide a uniform circulation of gas over the win-
dows. In order to carefully control the vaporization of Na20 in a very localized region, the device 
depicted in Figs. 1(d) and 1(e) is used. It consists of a crucible which is suspended on a 1/8" 
mtainless steel tube such that once the overall device is connected to the cell sidearm the crucible 
is centrally located to the viewing port. The positioning control whose diameter is the same as the 
window shown in Fig. 1(c) is held in place in precisely the same fashion as the window. When con-
nected to the overall cell, the crucible holder is rotated 90 ° with respect to its depiction in the 
Figure. When the cell is in operation, a laser beam treverses the path indicated in Figs. 1(b) and 
• 1(d). Na20 is directly vaporized through a thin slit into the path of the laser beam. The slit and 
the laser beam are parallel and the laser induced fluorescence is viewed at 90 0 . 1 
Using the cell described above and various pumping schemes, we have carried out experiments at 
both 100 p (primarily background argon) and 10 -6 torr. This range of background pressure allows us 
not only to do spectroscopy but also to observe quenching effects which are quite significant for both 
Na20 and Li3O. Thus far, experiments have been conducted primarily with an argon ion laser; however, 
some excitation has been accomplished with a rhodamine dye laser. Examples of the spectra obtained 
for Na20 are shown in Fig. 2. They correspond to excitation at 5145 and 4880 I. It appears that we 
can excite laser induced fluorescence with several of the available argon ion laser lines (4579, 4765, 
4880, 4965, 5017, 5145 A) and that the fluorescence spectra can be interconnected (significant over-
lap) in a rather substantial Deslandres Table. Much of our analysis of the•observed spectra has 
depended on relating our Na70 studies to available information on Li20. This data comes primarily 
from matrix isolation spectroscopy 2 and recent quantum chemical calculations. 3 Briefly, this data has 
been used to (1) attempt to estimate the normal frequencies of vibration for Na-,0 based on a reason-
able extrapolation from Li 20 and (2) determine the most likely electronic transition which should be 
excited in the visible using an argon ion laser. 
Using a notation common to several quantum chemical descriptions of linear Doch Li20, the valence 
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qrbital configuration for the ground state is 
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where the valence orbitals are constructed primarily from 2s and 2p electrons on lithium and oxygen. 



























and Grow and Pitzer 3b have shown that these states are very low lying (excitation 1.3 eV); there- LEexcitation 
fore it is unlikely that even the allowed 17u  - 1E 	transition corresponds to the fluorescence 
observed upon single photon pumping with an argon ion laser. A further promotion which will result in 
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(4) 
We anticipate that the visible transition in Na,O which is pumped by the argon ion laser corresponds to 
a lEu 	IE;4- excitation involving the analog or configurations (1) and (4). In pumping this transi- 
tion one re oyes an electron from an orbital which is both Na-0 and Na-Na antibonding and promotes 
this electron to an orbital which is both Na-0 and Na-Na bonding. Hence, we expect that both the 
excited state stretching and bending frequencies should exceed that of the ground electronic state of 
Na20 
Thq ground state frequencies for Li are (matrix isolation spectroscopy) 	760 cm-1 , V2 
112 cM-L , and V3 .7;1 990 cm-1 . Formulating a normal coordinate analysis based on the Li 20 measurements, 
we estimate a vibrational frequency of between 540 and 585 cm-1 for the symmetric stretch (v 1 ) and 74 
cd-1 for the bending mode of Na 20. This is not unreasonable when comparisons are made with Na0 where 
the. vibrational frequency appears to be -526 cm -1 (recall that Na20 appears to be a linear molecule). 
Although absolute quantum level numberings have not been assigned, 4 our extensive Deslandres 
Tables for the pumped transition indicate an upper state vibrational frequency of -650 cm -1 and a 
lower state (ground state) frequency of -550 cm -1 consistent with the predictions outlined above. In 
addition, a closer view (Fig. 3) of a region of the 5145 X spectrum in Fig. 2 reveals what appear to 
be -10 cm-- separations expected for the ground state bending mode of Na20. Tentatively, it appears 
that the spectra correspond to progressions in the symmetric stretching and bending modes of the 
ground and excited state in a lEul- -e 'Zit' transition. 
These studies not only provide information which is extremely useful for the understanding of fun-
damental dynamic processes such as the reaction of sodium diners and oxygen atoms but also they estab-
lish a foothold for analyzing kinetic processes in which Na20 plays a significant role. Because Na20 
represents an important constituent in energy generating systems, we desire a means to carefully moni-
tor its behavior. It should also be noted that in addition to their use for the characterization of 
reaction kinetics, the current studies allow the independent determination of thermodynamic parameters 
which are extremely useful in the modeling of energy systems. Before the advent of the laser, the 
study of these elevated temperature free radicals rested primarily within the province of the matrix 
isolation spectroscopist. The versatility introduced with the laser should allow the future comparison 
of molecular behavior in gas phase and matrix environments. 	 • 
Laser Spectroscopy of Supersonically Expanded Sodium and Copper  
A recently developed technique involving the spectroscopic characterization of molecules produced 
in the supersonic expansion of molecular beams promises to alleviate several of the significant high 
temperature problems outlined in the introduction. Supersonic expansions, already well established 
for room temperature gas phase species, 5 offer a means of significantly cooling the internal degrees of 
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freedom and hence simplifying the spectroscopic analysis of those compounds of interest. A supersoni,1 
expansion of a gas from high pressure into vacuum can be engineered with either the pure compound c• 
the compound seeded into an inert monatomic carrier gas (He, Ar). In the course of such a supersonic ter: - 
expansion, the tr-1-;17, ti7 a11 	 c„ ni 	":arrier" '.. ;af; 5 n 	falls to an nxtn,-aly low value which: 
_.:177- ach a -_:,Lch arc effectircly scc:ied into the expandiug - 
gas communicate with the low temperature "translational" bath provided by monatomic and/or higher 
cooled "clusters" 7 via two body collisions. In this way, the rotational degrees of freedom of the 
molecules can cool to temperatures comparable to that for translation. Vibrational cooling, althougb- - 
less - complete than rotational cooling, can also be quite.extensive. 5 
In our laboratory, supersonic expansions of refractory metals are being characterized using a com-
bination of laser induced fluorescence and mass spectroscopy. The object of these studies is not only 
the attainment of cooled refractory species but also the desire to use the expansion to induce the 
formation of small metal clusters Mn (2 < n ( 4). Here, we are concerned with the characterization of 
_ what is essentially the "middle ground" between the molecular electronic structure of small inorganic 
species and the metallic phase. In order to outline progress thus far, we will consider supersonic 
expansions of sodium and copper vapor. 
The apparatus used in these studies is outlined schematically in Fig. 4. The details of the appa-
ratus are discussed elsewhere. 9 ' 1° Briefly, the output of an argon ion pumped dye laser is brought 
into a suitably equipped vacuum chamber where the laser beam intersects a supersonically expanded metal 
beam produced through use of an appropriate oven system. The oven depicted in the figure is similar to 
that used for the supersonic expansion of pure copper vapor. 9 The fluorescence zone is viewed at 90 ° , 
On one side by a blank phototube and on the opposite side by an appropriate focusing system and spec-
trometer. These devices are located in the back and front of the apparatus depicted in Fig. 4. Two 
types of spectral analys.is are used. Total fluorescence is collected by the blank phototube as the 
frequency of the incoming dye laser is scanned. This is referred to as an "excitation" spectrum. With 
the dye laser tuned to one frequency, the light from the fluorescence zone can be dispersed by the 
spectrometer yielding a "photoluminescence" spectrum. Coincidental with the spectroscopic analysis of 
laser induced fluorescence is the analysis of the mass distribution of the supersonic beam. This is 
accomplished either with electron impact or photoionization (intense light source focused through sap- 
phire window) mass spectroscopy. lo  
Sodium Expansions  
.The dramatic cooling which occurs as the result of a free jet expansion can be seen through com-
parison of the "excitation" spectra depicted in Fig. 5. Fig. 5(a) corresponds to the fluorescence sig-
nal from sodium vapor in thermal equilibrium with liquid sodium at 750 K. A stainless steel cross 
(concentric heat pipe") similar in design to the device shown in Fig. 1 was used to contain the heated 
sodium and a 50 torr argon background pressure was maintained in order to prevent the sodium vapor 
from depositing on the windows. The stabilized output (5 mW) of a rhodamine 6G dye laser was used to 
excite fluorescence monitored by a 1P28 phototube. With the 0.5 cm-1 (FWHM) line width of the laser, 
the excitation spectrum was unresolved, showing no discernible features. For comparison, Fig. 5(b) is 
a computer simulation of an excitation spectrum for the vapor at 750 K. Although a precise one-to-one 
correlation cannot be made between the "peaks" in the experimental trace and those in the simulation, 
the absence of any discernible. bands is consistent with both spectra. 
Fig. 5(c) corresponds to the excitation spectrum for diatomic sodium produced in a rather mild 
"supersonic" beam using a double oven system (Fig. 4) with the main chamber of the oven at 820 ± 10 K 
(vap. pressure 10 torr) and a frontal "nozzle" chamber at 920 ± 10 K. The resolution and tuning range 
for the dye laser were identical to those for the thermal vapor spectrum (Fig. 5(a)). The spectrum 
taken in the molecular beam is dominated by the v -- = 0 progression (excitkion from the lowest vibra-
tional level of the ground electronic state of Na2). Fig. 5(d) corresponds . to a computer simulation 
of this experimental spectrum. The simulation represents a vibrational temperature of 100 K and a 
rotational temperature of 80 K. An uncertainty of ±20 K in the fit to the vibrational temperature and 
±10 K to the rotational temperature is estimated from attempts to correlate the general appearance of 
the experimental spectrum with other simulated temperatures. There are some difficulties in obtaining 
uniform conditions throughout an experimental run with the backing pressures used for the mild expan-
sion; however, further cooling and more uniform behavior is attained through operation at higher back-
ing pressures where well controlled supersonic conditions are readily achieved. Fig. 6 corresponds to 
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a portion of the experimental excitation spectrum obtained using a rhodamine 6G dye laser with a main 
oven operated at 1000 K (sodium vapor pressure 140 torr) and a frontal nozzle operated at 1100 K. From 
a computer simulation, we find that the internal excitation of ?-99.75% of those species formed in the 
e: ansion corT 	 Of 30 K 	d 	 r ,-,-,raLure. of 30 K. 
From the examples given thus far, it should be apparent that supersonic refractory expansions 
offer great potential for simplifying the spectroscopic analysis of high temperature species. The 
spectra of the molecules formed in these sources are not only cleaner but also there is a significantly 
greater abundance per populated level. In order to take advantage of these possibilities to the full-
est extent, one must be concerned with the development of suitable sources with which to achieve the 
high temperature hydrodynamic expansion. 12 With the goal of extending our work to these higher temper-
atures, we have recently been concerned with the supersonic expansion of pure copper vapor over the 
temperature range 2400-2800°K. The products of expansion have been characterized using laser induced 
excitation and photoluminescence spectroscopy covering a spectral range 4200-6600 X. An example of the 
spectra obtained is shown in Figure 7(a). This excitation spectrum taken with a stilbene dye laser at 
0.5 cm-1 FW}C1 corresponds primarily to fluorescence from the Cu2 B lE n+ - X1 E 2+ band system. The 
spectfum is simulated in Figure 7(b). Analysis based on this spectral simulation indicates two sig-
nificant results. 9 We find that substantial cooling of the internal degrees of freedom has occurred; 
a rotational temperature (750 K and a vibrational temperature <900 K are found for the Cu2 formed in 
expansion at oven temperatures ranging from 2600-2800 K. In addition, new features extending from 
21843 to 21750 cm-1 are observed in the experimental spectrum. These spectral features must be attrib-
uted to a new state of Cu ,' or to polymeric Cu3. 9 In the continuing pursuit of this problem in our lab-
oratory, we are attempting to further cool the products of expansion through seeding of the pure copper 
beam with a monatomic gas such as helium or argon. Efforts thus far have been marginally successful 
and vibrational and rotational temperatures approaching 400 K have been obtained; however, it has still 
not been possible to achieve the requisite stability needed for a long range experimental scan. Indeed, 
it ls by no means a straightforward task to obtain the needed stability in either a pure 9 or seeded 
copper expansion. It is significant that we find that the new spectral features grow at the expense 
of the Cu2 B-X system indicating the distinct possibility that they result from polymeric copper. This 
result is quite encouraging in view of our desire to characterize small polymeric metallic clusters. 
In addition to efforts to further cool the beam, current studies are being extended to much higher 
resolution through use of a cw ring dye laser." 
Previous discussion has focused on the cooling of diatomic sodium and copper; however, the primary 
concern of our efforts is the use of hydrodynamic expansions to produce and characterize small metal 
clusters through laser photoluminescence or excitation spectroscopy. With this focus, we have 
attempted to excite fluorescence from polymeric sodium clusters in the spectral range 4200-6600 X. 14 
Although fluorescence from bound-bound excitations has not been observed, 15 a technique has been devel-
oped whereby bound-free transitions can be characterized through use of laser induced atomic fluores-
cence. Here we study the photodissociation of polymeric sodium trimers by pumping from discrete levels 
of the ground electronic state to a repulsive state" which dissociates to an excited sodium atom. 
Atomic fluorescence can be obtained under a variety of conditions. 17 An example of the spectra 
obtaircd under conditions discussed at length elsewhere lp is indicated in Fig. 8. We find that D-line 
emission accompanies laser pumping upon cluster (Mn , n ) 3) formation. The atomic emission onsets 
- when the laser is operative -400 cm' to the blue of the Na D-line components ( 2P1/2 16955 cm 1, 43/2 
16973 cm-1 ) and continues as the laser is tuned to higher frequency. The intensity of the atomic 
fluorescence varies as the frequency of the dye laser is scanned, producing a series of fluctuation 
bands. The structured atomic fluorescence features emanate primarily from the 2 P31 2 gomponent (Fig. 
8(b)) of the Na D-line with a considerably smaller component of fluorescence from 	4P1/2 (Fig. 8(c)). 
Mass spectrometric studies demonstrate that the structured atomic fluorescence corresponding to 'P 3 /2 
emission may be correlated with Na3. The spectrum in Fig. 8(b) results from the photodecomposition of 
Na3 via excitation from a shallow low-lying excited state or the ground electronic state. 15 Much 
higher resolution spectra than those shown in Fig. 8 17 (Fig. 8 rhodamine 110 dye laser, 0.5 cm -1 FWHM) 
demonstrate that the peaks observed in the fluctuation spectrum are correlated with discrete lower 
States and repulsive excited 'states. The present results for bound-free transition combined with 
recent two-photon ionization studies of bound-bound transitions in sodium trimer 15 are closely corre-
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Figure 1: Schematic diagram of apparatus for laser fluorescence studies 
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Figure 2: Laser induced photoluminescence spectra of Na 20 taken at a 
resolution of 1 I and using the 5145 and 4880 X argon ion 





111 cm-1  
911 	10,12 	11,13 
108 108 
115 cml 
3,4 	 Na20 5145 A 
69 cm-1 
I 	
m-1 69 	77 	 110 c 
5 






Figure 3: Closeupof laser induced photoluminescence spectrum of Na 20 
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Figure 4: Schematic diagram of apparatus for supersonic expansion of 
refractory metals. Sec text for discussion. 
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Figure 5: (a) Sodium diner excitation spectrum obtained for the equilibrium vapor at 750 K. 
(b) Computer simulation of sodium dicier excitation spectrUm for a vapor temperature 
of 750 K. (c) Sodium dimer excitation spectrum obtained in a mild supersonic expansion 
with an oven temperature of 820 K correspoudinz to a vapor pressure of 10 torr and 
nozzle temperature of 920 K. (d) Computer simulation of supersonic beam for. Tvib 
= 80 K. See text for discussion. 100 K, Trot 
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Figure 6: Sodium dimer excitation spectrum obtained with a supersonic 
expansion under conditions Toven = 1000 K corresponding to a 
vapor pressure of 140 torr and Tnozzle = 1100 K. A computer 
simulation of this spectrum indicates T
vib 
= 50 K, T
rot 
= 30 K. 
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Figure 7: Excitation spectrum for supersonically expanded copper (top) 
excited with the output of a'stilbene cw dye laser and computer 
simulation (bottom) of (1,0) and (0,0) sequences for Cu2 B2E: - 
2 + X E band system. The experimental spectrum is characterized 
by.both the Cu 2 B-X system and a new copper fluorescence system 
(21750 - 21843 cm-1). See text for discussion. 
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Figure 8: Spectra, as a function of dye laser excitation frequency, of 
supersonically expanded sodium including (a) an excitation spec- 




 E + ( 18000 cm 1 ) 
fluorescence and the tail of Na t A1nu  - X1 + total fluorescence 





fluctuation bands at v(laser) > 17500 cm
-1
, (c) minimal laser 




Na and (d) fast photo-
luminescence scans indicating relative magnitudes of Na D-line 
and Na 2 A-X resonance fluorescence (tick marks indicate 
- 1 
V = 16000 and 18000 cm ). The lower frequency features appear- 
1 
ing in scans (b) and (c) (v
laser < 17600 cm ) correspond to Na
2 
fluorescence coincidental with the D-line components. 
APPENDIX G 
(i) 	NONDQUILIBRIUM PRODUCT DISTRIBUTIONS OBSERVED IN THE 	(i) 
MULTIPLE COLLISION CHEMILUMINESCENT REACTION OF Sc WITH 
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EVIDENCE FOR A LOW-LYING RESERVOIR STATE 
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EVIDENCE FOR LJLTRAFAST V-E TRANSFER 
IN BORON OXIDE (BO) 
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Nonequilibrium product distributions observed in the 
multiple collisinn 	"" -" 	 Sc with 
I'102. Perturoations, relpiu energy cransrer routes and 
evidence for a low-lying reservoir state 
J. L. Gole and S. A. Pace 
Department of Chemistry, Georgia Institute of Technology, Atlanta. Georgia 30332 
(Received 5 March 1980; accepted 7 April 1980) 
Nitrogen dioxide reacts with scandium to yield the B 21 4- --X 21 + spectrum of ScO. This reaction has 
been characterized from 10 -5 to 1 Torr in order to study relaxation and rapid intramolecular E-E 
transfer among ScO excited states. At the lowest pressures, a ground state metal atom interacts with a 
tenuous atmosphere of oxidant gas (beam-gas configuration). These "single collision" studies are extended 
in a controlled manner to higher pressure by entraining the metal atoms in argon and subsequently 
carrying out the oxidation of this mixture. At all pressures, the measured B 21+  vibrational populations 
follow a markedly non-Boltzmann distribution. At the lowest pressures, the formation of ScO B 21+  
results directly from the reaction Sc NO 2—.ScO* + NO. At higher pressures, the B 21+  state is also 
populated via rapid intramolecular energy transfer from long-lived, weakly emitting "reservoir" states via 
the sequence Sc NO 2 + Ar-÷ScO(res) + NO Ar and ScO(res) Ar—,ScO(B 21+ ) Ar. Spin orbit and 
Coriolis interactions in ScO connect rovibronic levels of B 21+ and low-lying 4 11,. or 211, reservoir states 
resulting in the observation of substantial perturbations in B 21+.  Collisional energy transfer is 
particularly efficient for the most strongly perturbed levels of the B 21+  state. This energy transfer is 
manifest by the appearance of "extra" band heads representing normally forbidden (small electronic 
transition moment or Franck-Condon factor) "reservoir state"- ground state transitions which become 
allowed because of a small admixture of B 21+  character. The rslative intensities of the extra and "main" 
B 21+-X 21+ transitions are strongly dependent on argon buffer gas pressure. A quantitative description 
of this dependence gives an estimate for the amount of mixing between the reservoir state and B 2f+  and 
for the rate of energy transfer between these two states. Collisional transfer to ScO B 2.1 + v' = 3-9 is 
found to proceed at rates which for certain levels approach 100 times gas kinetic. The effects observed in 
ScO demonstrate that the excited states of this molecule interact in the presence of a collision partner as 
if they were large diffuse entities. These effects are not pathological. This behavior may have important 
implications for the modeling of energy systems as well as the ability to create population inversions 
requisite for the construction of visible chemical laser systems. 
INTRODUCTION 
Recently, 1'2  we have been concerned with the analysis 
of rapid intramolecular energy transfer routes among 
the excited states of molecules important at high tem-
peratures. The energy transfer with which we are con-
cerned is particularly efficient for the most strongly 
interacting excited state levels and hence the most 
strongly perturbed levels of each state. The magnitude 
of the perturbations which we observe in diatomic high 
temperature molecules can be comparable to that nor-
mally associated with polyatomics. While the analysis 
of these effects may, at first, seem impracticable, it 
is possible to employ the strength of the perturbations 
to advantage in order to obtain information at lower res-
olution which normally is obtained only in an exhaustive 
high resolution perturbation analysis. 
In order to characterize rapid energy transfer in high 
temperature systems, we focus on highly exothermic 
chemiluminescent reactions involving the oxidation of 
refractory metals over the pressure range 10 -6 to ,:--• 102 
 Torr. At the lowest pressures a metal atom intersects 
and interacts with a tenuous atmosphere of oxidant gas 
(beam-gas configuration)" forming product molecules in 
both ground and excited electronic states. Those ex-
cited states which are connected via an allowed transi-
tion to the ground electronic state usually emit a photon  
before undergoing subsequent collisions. Longer-lived 
"reservoir" states may also be formed in the reaction. 
These states may not be connected to the ground state 
via an allowed transition. They will emit photons at a 
much slower rate and may easily undergo collision be-
fore the emission of a photon. It is primarily these 
states with which we are concerned as we extend "single 
collision" studies in a controlled manner to higher pres-
sure by entraining the metal atoms in the noble gases 
argon or helium and subsequently carrying out the oxida-
tion of this mixture. 
In two previous studies, 1,2  we have investigated the 
pressure dependence of the chemiluminescent emission 
from the aluminum-ozone reaction. The observed 
chemiluminescent spectrum is characterized by emis-
sion from both the B 2E* and A 2 Il states of A10. At 
pressures in excess of 1 Torr (primarily argon buffer 
gas pressure) where collisional deactivation might be 
expected to lead to significant thermalization of nascent 
vibrational and rotational distributions, the measured 
A10 B 2 E. vibrational populations follow a markedly non-
Boltzmann distribution, exhibiting local maxima at vi-
brational level v' =6, 8, 12, and 14. This behavior can 
be attributed to an initial chemical reaction Al+ 03 
A10(A 2 11)+ 02 followed by the collision induced rear-
rangement A10(A 2 11 )4- Ar- A10(B 2E1 + Ar. Spin-orbit 
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interactions in A10 connect rovibronic levels of the A 2 11 
and B 2E* states and collisional energy transfer is par-
ticularly efficient for the most strongly perturbed levels 
of the B 2E,* state. Consistent with the proposed mecha-
nism for A10 B 2E+ formation is the appearance of "extra" 
satellite band heads representing normally "Franck-
Condon forbidden" A-X transitions which become allowed 
because of a small admixture of B 2E* character. These 
features are observed concurrently with the main 
B 2Z* -X 2E' emission bands. In contrast to perturba-
tions which affect only a few rotational levels in a given 
vibrational band or can lead to the appearance of cer-
tain extra rotational transitions, 4 the satellite bands 
arise from much larger perturbations which affect a 
range of rotational levels in the vicinity of the B-X R 
branch heads. These observed features in A10 have 
now been found to be characteristic of several high tem-
perature systems where collisional transfer analogous 
to that from the A10 A 2 11 state is observed and appears 
to emanate from long-lived reservoir states. Here we 
focus on the analysis of these effects in scandium oxide. 
More specifically, we investiga e the pressure depen-
dence of the chemiluminescent emission from the ScO 
B 2Z" state. Formation of this state occurs directly 5,6 
 via the chemical reaction 
Sc(2D)+NO2 ( 2 /31 )- ScO(Ar 2 A, A 2II, B 	C 2 il • • • 
" reservoir)+NO(2 11) 
or as a result of rapid E-E transfer from long-lived 
reservoir states which may be connected to the B 2Z' 
state via a spin-orbit A(L • S) or coriolis B(1, • j) inter-
action. In the present study the Sc -NO 2 reaction has 
been investigated over the pressure range 10 -6 to 1 Torr, 
At the higher pressures an argon buffer gas was used. 
As in A10, extra satellite features are found to ac-
company the main ScO B 2Z+ -X 2E* emission bands. 
In both A10 and ScO the relative intensities of the satel-
lite and main transitions are strongly pressure depen-
dent (argon buffer gas). The dependence may be ex-
pressed by a set of rate equations. For A10 a quantita-
tive description of this dependence gives an estimate of 
the amount of mixing between the A 2 II and B 2 E* states 
and the rate of energy transfer between these two states. 
The measured rate constant (KAB ) for the collisional en-
ergy transfer A10(A 2 11, v = 53)+ Ar- A10(B 2E+, v=14) 
+Ar is found to be - 7x 106 Torr-I sec -1  comparable with 
a rate constant 9x 10 6 Torr sec -1  estimated for "hard 
sphere" collisions between Ar (T- 300 ° K) and A10 
(1'3000 ° K). This indicates that energy transfer occurs 
at every "hard sphere" collision on a time scale, KAB 
2x10-16 sec at 1 atm, similar to that generally associ-
ated with rotational relaxation (R-R process). In the 
present study, we will examine much snore pronounced 
affects observed in ScO. In contrast to A10 where pres-
sure dependent effects are observed from 1 to 5 Torr, 
they are observed in ScO from 10 to 400 gm. Collisional 
ansfer to ScO B 27," , v' = 3•-9 from long-lived reservoir 
ftw.es is observed to proceed at rates which for certain 
levels (v' =6, 8) approach 100 times gas kinetic, the time 
r.;cala K"BIB being 3x 10-12 sec at 1 atm for the most per-
`airbed levels. 
The effects which we have observed and analyzed in 
ScO are significant since they demonstrate that the ex-
cited states of this molecule interact in the presence of 
a collision partner as if they were large diffuse entities. 
Effectively one deals with "pseudomacromolecules" 
which display many of the characteristics of Rydberg 
states. This behavior may have important implications 
for the modeling of energy systems as well as the ability 
to create population inversions requisite for the con-
struction of chemical laser systems. Based upon pre-
liminary studies of potassium hydroxide as well as yttri-
um, lanthanum, and boron oxide formation, the effects 
we observe in ScO are not pathological but rather are 
indicative of a broad class of compounds. 
EXPERIMENTAL 
The burner systems used in these experiments are 
similar in design to those described previously. 6-8 The 
single collision experimental studies have been described 
in detail.' For multiple collision work, scandium metal 
(Alfa products 99.98%) is evaporated in a vacuum cham-
ber from a resistively heated vapor deposited tungsten 
crucible (Ultramet, Pacoima, Calif. ). The metal 1, apor 
is collimated by an argon or helium carrier gas (Mathe-
son 99.9995%) and transported to the reaction zone where 
mixing with the oxidant gas occurs. The scandium is 
oxidized with NO2 as supplied by Matheson Corp. (99. 5% 
minimum purity). Typical operating pressures ranged 
from 2 to 20 gm of oxidant and from 10 to 1000 um of • 
argon or helium. Pressures were measured with a 
capacitance manometer (MKS Baratron Type 170). The 
sampling orifice to the manometer input head was made 
mobile so that pressure gradients in the chamber could 
be readily determined. In all cases the gas concentra-
tion in the multiple collision studies is dominated by the 
argon or helium carrier. For experiments run at the 
higher buffer gas pressures, flames were conical in 
shape with a base diameter of approximately 12 mm and 
heights ranging from 1 to 3 cm. At lower buffer gas 
pressures (Pe. - 2-5 um, Parg.„- 10-50 Am) flame def-
inition decreased and a more diffuse glow was observed. 
Fortunately scandium is one of the less corrosive and 
reactive high temperature metals. We have found that 
vapor deposited tungsten crucibles are ideally suited for 
long term experimental studies. These crucibles are 
placed in a machined carbon (Micromechanisms- 
99. 95%) sheath which fits inside a commercial basket 
heater (R. D. Mathis, Long Beach, Calif..), the entire 
assembly being wrapped with several layers of zirconia 
(Zr02 ) cloth (Zircar Products, Florida, N. Y. ). The 
zirconia insulation significantly reduces heat loss due to 
black-body radiative processes and, at the higher pres-
sures, gas conduction s ; its use permitted an upper op-
erating temperature close to 1800 ° C. The entire as-
sembly was surrounded by a water cooled brass shield 
which was placed inside the vacuum chamber. This ar-
rPn-c:mo , :t also provided an cf!me ,:, ; ,.. , 	bame 
 against hlack-body ridiatinn irony the crucible and 
heater. Under typical operating conditions (80 A at 
12 V giving - 1600 ° C), this crucible system continues 
to last indefinitely. 
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The chemiluminescent flame was focused onto the slit 
of a Spex 1 in monochromator, equipped with an RCA 
4840 photomultiplier tube. 
was detected wiLi 	 _ 	 - 
output signal (partially damped) drove a Leeds and 
Northrop strip chart recorder. The spectrometer was 
periodically calibrated with a mercury resonance lamp. 
The entire optical system was calibrated for relative 
spectral response employing a quartz iodine standard 
lamp (EG and G #B 115 A). 
ANALYSIS OF PERTURBATIONS AND RAPID 
TRANSFER ROUTES 
In the following discussions, we focus on the nature 
of strong interactions between the B 2 E+ state of ScO and 
either previously unobserved long-lived electronic "res-
ervoir" states or the high vibrational levels of known 
lower-lying electronic states from which transition may 
be "forbidden" primarily by virtue of the Franck-Con-
don principle. The reservoir states to which we refer 
are characterized by very small electronic transition 
moments connecting these states and the ground elec-
tronic state. Traditionally, emission from these states 
is seldom observed and, when detected, most frequently 
involves the lower energy state of an emission band 
system. 
The Sc-NO2 reaction is known to produce the X 2 E+, 
A 211, and B 2 Z+ states of ScO. 9 Very weak emission 
may be observed from the A' 20 (Ref. 10) and OH 
states, 11  the emission from A' 2 0 being over an order 
of magnitude weaker than that from A 2 11. In the pres-
ent study, we are concerned with the sequence which 
involves the initial reaction step 
Sc(2/))+ NO2(2 .61 )- ScO(X 2E+, A 2 11, B 2E+ A' 20 , C 2 11, 
Reservoir States) + NO 	 (1) 
followed by collision induced transition to the B 2,.',* 
state: 
Sc0(initial)+ A r Sc0( B 2 E+ )+ A r . 	 ( 2 ) 
The nature of expected reservoir states will be discussed 
in a following section. 
In the presence of intramolecular perturbations, 
neither the B 2E+ state nor the states from which ener-
gy transfer occurs may be considered as pure states. 
Rovibronic levels of these initially populated states con-
tain a small admixture of B 2E' character. Hence tran-
sitions from these reservoir levels, which are forbidden 
or very weak in the absence of perturbations, may "bor-
row intensity" from the .B-X spectrum and become al-
lowed. 12 These features appear as satellite bands slight-
ly shifted from the observed B-X transitions. Figure 
1(b) exemplifies one of these satellite features in the 
ScO B 2Z*-X 2E* spectrum taken at a pressure of 400 
um. Here we find a dominant (8, 5) band with a satellite 
observed - 50 cm
-1 
 to the red. As we will demonstrate 
shortly, the energy separation (Av) between the main 
and satellite bands is dependent on the vibrational level 
v' in B 2E' and is invariant (within experimental error) 














4540A • 4530 	4520 
FIG. 1. Scan over portion of ScO B 2E+—X 2 E+ emission spec-
trum (res =1.5 A) resulting from the Sc +NO2 reaction. Band 
heads are denoted (v',v"). The upper trace was taken at a 
total pressure P tat =10 ktm; the lower trace corresponds to 
Pto, =400 Pm P140 2 = 4  pm for both traces, the remaining pres-
sure corresponding to argon. As the argon pressure is raised 
an extra satellite feature becomes apparent to the red of the 
main (vg, v") = (8,5) band. 
The magnitude of Av depends upon the "strength" of 
the perturbation (w) which usually involves a spin-orbit 
or coriolis interaction and the energy separation of the 
unperturbed states (6). The-eigenfunctions (tIf) and ei-
genvalues (E) of the perturbed levels are" 
= c11,1 - (MI2 , 	= c/x1/ 1 + cif2 , 
where 
c 2/d 2 =-(Av+ 6)/(Av -6) 
and 




The subscripts 1, 2, and ± pertain to unperturbed and 
perturbed levels, respectively. An independent evalua-
tion of both w and 6 =Et - E2 is not possible from a mea-
sure of Ay alone; however, sufficient additional informa-
tion may be obtained fl'om the pressure dependence of 
the relative intensities for the main (4,,,) and satellite (OF.) 
transitions. In Fig. 2, we depict two mutually perturbed 
levels in the B 2E+ state and that state formed initially 
via Reaction (1) Which interacts strongly with B 2 E+ and 
from which energy transfer occurs. The initial chemi-
cal Reaction (1) with rate constant k populates a range 
of levels in a given reservoir state or Franck -Condon 
"forbidden" levels of a known electronic state. The vi-
brational dependence of this rate, even if known, is not 
required for the description given here. Strongly per-
turbed 
 
levels may be depopulated by spontaneous emis-
sion to the ground X 2z. state giving rise to the satellite 
feature observed in Fig. 1 or by nonradiative collisional 
transfer to the B 2E* state, The rate of this latter pro- 
   
Iv+) 
/1 1r2 )19 
    
kBR kRs 
lc, 
      
       
k+ 	k- 
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B 2Z• levels, 
les„[N_][Ar] - kRB [N,.] [Ar] - [Ad , 	(6) Cii[7:1, - 
where [N.] and [N] are the population densities for the 
levels AP. and IP., respectively. The steady state solu-
tion" for Eq. (6) yields 
k 	[N.] AN.] -1z„[Ar] / (k „ [Ar] + 
The two limiting cases can be envisioned: 
[N] 	 [N ]  lim r---t-rs , , 	Urn 	*1 =1 . 
[Ark.() L IV.] r 
The first corresponds to a low pressure extremum where 
the dominant population resides in those levels corre-
sponding to %If_ and emission from perturbed levels of the 
reservoir state may dominate the observed emission 
spectrum 2 (given a sufficiently large transition moment). 
The second correspond to a high pressure limit in which 
the populations of 'Ic and 	become equal (saturation) 
and further increases in pressure have no effect on the 
relative intensities of the main and satellite features. 
The pressure at which the saturation point is reached 
is a function of the balance between the efficiency of col-
lisional transfer (collisional transfer rate) and the radi-
ative lifetime of the B 2E' state. 15 
The intensities of the main and extra transitions, 
v") and L(v 1 , v"), respectively, are related to 
the excited state populations [N.] by 





FIG. 2. Schematic representation of the competing transfer 
and depopulation processes, collisional redistribution (k RB ) 
from "reservoir state" levels and radiative emission (k, and 
k_) from B 2E . and reservoir states. The vibrational relaxa-
tion rates are denoted by k 5 . and k„. Transfer follows initial 
formation (k) of the reservoir state. 
cess, intramolecular energy transfer which we denote 
by kRB , is dependent on collisions between Ar and ScO 
and is therefore proportional to the argon pressure [Ar]. 
As a result of microscopic reversibility, there is a near 
equal probability of collisional transfer out of B 2Z", 
i.e., k, s =ks„. k,, the rate constant for direct ScO 
B 2E. formation [Reaction (1)] can be compared to the 
rate kRB (Ar) for collisional population of the B 2 E, state 
[Reaction (2)] by evaluating the Sc-NO2 reaction from 
10-5 Torr, where emission results from nascent product 
formation, through the pressure range where collisional 
transfer increases in importance and begins to dominate. 
The radiative rate constants k. for if_ and k, for 	per- 
tain to transitions from a single vibrational level in the 
upper state to all vibrational levels v" of X 2E'. k. and 
k_ are primarily dependent upon the upper state quantum 
number and to a much lesser extent on v". The colli-
sional rate constant is a function of both vs (B 2Z*) and 
&eservoir). k RB and k t are purely phenomenological. 
They contain an implicit vibrational dependence which 
7.- :11 be considered in a later section. k, and k W corre- 
spond to rate constants for radiative or nonradiative pro-
ces ,3es leading to vibrational relaxation in the reservoir 
or B 2E* states. As we will demonstrate in a following 
EPc , ion, vibrational relaxation effects in either the 
Is 2E` or reservoir states may safely be ignored. is 
‘..lith the provisos indicated :1'.)ove, the elementary 
s4, „),'? described in Fig. 2 which arc pertinent to colli-
slowl transfer may be represented by a set of rate equa-
ticns describing the time-dependent population of the 
where 	v") represents the electronic and vibration- 
al transition probability for emission from 11,.. Since the 
pertinent transitions are nearly coincident in frequency, 
phototube and frequency corrections are of minimal im-
portance when considering relative intensities and we 
combine Eqs. (7) and (9) to yield 
I_(v' v") A_(1, 1 , v")  
1.(v', v") 	, v") 	kRidArlf 
A plot of relative intensity versus reciprocal pressure 
will be a straight line with an intercept A.(v' , v")/ 
, v") and a slope which is a measure of k,/k RB . 
In a later section we will consider more specifically the 
analysis of the terms in Eq. (10) and its application to 
the solution of Eqs. (4) and (5). 
RESULTS 
We will demonstrate in this section that collisional 
transfer to the B 2E, state of ScO occurs much more ef-
ficiently than previously observed in A10. In order to 
characterize this energy transfer, the strong interactions 
from which it results, and its effect oa the relative pop-
ulation distribution in the B 2 E" state, we have analyzed 
the B-X emission spectrum from 10 -5 to 1 Torr. 
A. Vibrational populations in B 2 E + 
, 	 . 	.:cans of the 
ScO vZ:-.X." 2 77,-' emission spectrum taken at 10 -5 , 10-2 , 
and 1 Torr, respectively. Each spectrum is comprised 
of red-degraded bands falling into the sequence groupings 
(10) 
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FIG. 3. Chemiluminescent spectrum obtained under single 
collision conditions from the reaction Se + NO 2 - ScO* + NO. 
Bandheads in the ScO 2E' band system are denoted 
(v', v"). The lower trace corresponds to the experimental 
spectrum, while the upper trace is a computer simulation. 
Perturbations are apparent for levels with e --. 3-7. Spectral 
resolution is 1.5 A. See text for discussion. 
2. (The notation Ay= v' - v" pertains to the 
transitions connecting vibrational levels v' of B 2 2* and 
v" of X 2E•.) The experimental spectra were taken at 
a resolution of 1. 5 A and a scan speed of 0.2 A/sec. 
The spectra were assigned by comparison with previous-
ly reported data. 6 All spectra were calibrated using 
mercury and neon resonance lamps. 
In each figure, the experimental spectra are compared 
to computer synthesized spectra calculated with the aid 
of Franck-Condon factors" and RIO curves 17 generated 
using available high resolution data. 18 The computer 
simulation assumes no level perturbations. The compar-
ison of experimental and calculated spectra allows the 
rapid assessment of strong perturbations in the B 2 23* 
state. "Upon analysis of the spectra, it became apparent 
that the v' =3-9 vibrational levels of the B 2E' state were 
all significantly perturbed, and that some modification 
of previous wavelength assignments 8,18 was necessary. 
These revised level positions are listed in Table I where 
the error estimate (±0.2 A) represents one standard 
deviation in the wavelength calibration. 
Taking into account the maximum temperature of the 
scandium metal undergoing reaction 18 and all other fac-
tors in addition to reaction exoergicity which contribute 
to the available energy for formation of ScO product, the 
Sc-NO2 reaction can result in the population of 16 vibra-
tional levels in the B 2E' state. 
The relative intensities 	of vibronic transition 
(v', v") in emission are related to the excited state 
	
(4.3) 
	(32) 	 (7 (8.6) A, (2.1) s.5) ,. (1.0) (641 
Exptl. (54) 




FIG. 4. Chemiluminescent spectrum obtained at P tot = 14 pm 
for the process Sc + NO 2 (Pa 4 pm) + A r (P 10' pm) - ScO* 
+NO+ Ar. Bandheads in the ScO B 2 E"--X 2E' band system are 
denoted (V, v"). The upper trace corresponds to the experi-
mental spectrum; the lower trace is a computer simulation. 
Perturbations are apparent for levels with v' =3-7. A dual 
satellite structure accompanies the (6,4) band. Spectral reso-
lution is 1.5 A. See text for discussion. 
(b) 
FIG. 5. Chemiluminescent spectra (a) and (b) obtained at 
Piot 1000 pm for the process Sc + NO 2 (P 30 pm)+Ar (P 
;---• 1000 pm) - ScO* + NO+ Ar. Bandheads in the ScO B 2 E"-X 2z* 
band system are denoted (v',v"). The upper traces correspond 
to the experimental spectrum; the lower traces are computer 
simulations. Perturbations and satellite structure are ap-
parent for levels v' = 3-9. The computed spectrum correspond-
ing to the (6, 6) inset in (b) (dashed line) merely indicates the 
expected location of the (6, 6) band and does not correspond to any 
attempted intensity match. Spectral resolution is 1.5 A. See 
text for discussion. 
populations No . by 
=4( 2')v 4 gw, 	nfr Le o,- ) 	 (11) 
where 4(v) is a proportionality constant defined to in- 
clude the variation of instrumental (spectrometer and 
TABLE I. Modified paran.Arization for ScO B 2 E* -X 2E' transi-
tions-bands observed in Figs. 3, 4, and 5. a 
a (cm-1 ) 
(obs-talc) 
(0, 0) 	4859.3 
	
20 573 
















(9,7) 4759.2 21 006 
aBands listed are representative of v' = 0-9 B 2E* perturbations. 
From analysis of several transitions to v" =0-7, no mea-
surable perturbations of these ground state levels are found. 
bOnly (0,0), (1,0), and (2,1) bands agree with calculated band-
head positions. All other levels are shifted. 
'Calculated from 7; (B 2 E"-X 2 E 4) = 20640. 2, we = 825. 47, w ex: 
= 4. 21, :4' = 964. 95, wex:' = 3.95. See A . Adams, W. Klem-
perer, and T. M. Dunn, Can. J. Phys. 46, 2213 (1968); 
L. Akerlind, Ark. Fys. 22, 41 (1962); and Refs. 9 and 15. 
4640A 
Band 












































0 1 	2 I 	1 	7 8 9 I 
(b) 
FIG. 6. B 2 E + vibrational populations (Nv .) for (a) single col-
lision conditions—Fig. 3; and (b) Pot  =14 µm—Fig. 4. Rela-
tive populations are determined on the basis of the computer 
simulations in Figs. 3 and 4 for v' = 0-9. Populations denoted 
with an asterisk represent upper bound estimates. 
is also observed corresponding to those transitions from 
v' =10-13 having the largest Franck-Condon overlap 
with the ground electronic state. 
The single collision spectrum (Fig. 3) is characterized 
closely by a single rotational temperature, Tr,, t -6000 ° K. 
This result is consistent with a previous analysis of rota-
tional structure in the (0, 0) band and with temperature 
dependence studies which demonstrate that the Sc-NO2 
 reaction to form Se° B 2E' proceeds with a substantial
activation energy. 22 Not surprisingly, the vibrational 
distribution observed under single collision conditions is 
non-Boltzmann. 
The population distribution observed at P ot ., =14 p.m 
(P502 = 4 gm) is presented in Fig. 6(b). Within experi-
mental error the vibrational distribution for levels v' 
=0-5 has changed only slightly. If present, vibrational 
relaxation is minimal. There is a notable change in the 
relative populations for vibrational levels v' =6, 7. Two 
choices can be envisioned to explain this phenomenon: 
(i) the population in vibrational levels v' =6 and 7 results 
in part from collisional transfer via an initially formed 
long-lived reservoir state or (ii) there is rapid vibra-
tional relaxation in levels v' =8-15, a bottleneck being 
encountered for levels v' =6, 7. Based upon observa-
tions over the pressure range 10-1000 p.m and compari-
son with previous studies, 23 the former mechanism is 
v' 




photomultiplier tube) response with frequency; q0.,,,,. 
and 	are, respectively, the Franck-Condon factor 
and r centroid for the (v', v") transition. The elec- 	60- 
tronic transition moment R e(F.,„„) is written as an ex- 
plicit function of the r centroid in accordance with the 
Fraser approximation. 2° This information is incorpor- 	Nv • 
ated into the computer program to calculate the spec- 
trum corresponding to a 2E` 2E` transition. Once a fit 	40- 
is made to a given spectrum as in Figs. 3, 4, and 5, a 
rotational temperature is determined for each individual 
vibrational band and relative vibrational level populations 
are evaluated. For those spectra obtained at the lowest 
pressures where only nascent product formation is moni- 	20 
tared, the rotational temperature of each vibrational 
band can differ21 ; however, at higher pressurs rota-
tional distributions are found to equilibrate rapidly and 
the entire spectrum is characterized by one rotational 
temperature. 22 
Figs. 6 and 7 we compare B 2 Z+ vibrational popula-
tions determined for 10 -5, 10-1 , and 1 Torr chemilumines-
cent flames. Only those vibnaiortal levels (2) , =t1;_._(4 
-Yh .,ch play a dominant role in the spectra presented in 
Figs. 3, 4, and 5 are considered; however, emission 
J. Chem. Phys., Vol. 73, No. 2,15 July 1980 
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FIG. 7. 13 2 E . vibr.-:tiryv- 11-,_1:1..'..L 	 ' i:Inctioa of 
v' =07 3. 
Relative populations for P ot =1000 pm are determined on the 
basis of the computer simulations in Figs. 5(a) and 5(b). 
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by far the more likely possibility. For a selection of 
confirming evidence, we focus on the spectra in Fig. 1. 
At a pressure of 10 jinn , it is apparzr.' tImi there is sub-
Stantial population in 	1 3 	, 	- or :3 
FC factor for the (13, 9) transition exceeds those for all 
other transitions from v' =13 B 2E' but does not greatly 
exceed those for the (8, 5) and (3, 1) transitions]. In ad-
dition, a fit of the 400 pm data taking into account over-
lap with the (8, 5) and satellite bands indicates that v' ---- 1 3 
is not drastically diminished with respect to v' =3, as 
one would expect if unusually rapid vibrational relaxation 
were present. As a further demonstration of the pres-
ence of a collisional transfer process at 10 pm (Fig. 4) 
we observe the first clear indication of satellite struc-
ture. The (6, 4) band is accompanied by both long and 
short wavelength satellite features. As we will dem-
onstrate shortly, collisional transfer is most efficient 
for the o' =6 level. 
The vibrational bands observed at 10 pm are well fit 
by a rotational temperatu Trot =4500 ° K. Although 
some rotational relaxation has taken place relative to the 
single collision spectrum, R—R transfer is not yet pro-
nounced at 10 gm. This result also casts doubt on the 
Possibility of significant V— V transfer for levels v' =0-
13 since this process is expected to proceed on a time 
scale two orders of magnitude slower than R•R relaxa-
tion. 24 
At Ptotai =100 pm [Figs. 5(a) and 5(b)1, we find sig-
nificant spectral changes as well as a substantial modi-
fication of the population distribution observed at lower 
pressures. In Fig. 5(a), satellite bands are apparent 
for the transitions emanating from v' =3, 4, 5, 8, and 9 
(B 2E'). In Fig. 5(b), the dual satellite features encom-
passing the main v' =6 emission feature are emphasized. 
Because the v' =6 and 8 levels and their satellites are 
the most amenable to characterization over a wide pres-
sure range, we will focus on the pressure dependence of 
these satellite and main features in a following section. 
Figure 7 depicts the population distribution at 1000 gm 
(1 Torr). This distribution is virtually identical to that 
observed at 400 p.m. The observed population distribu- 
tion which peaks strongly at 	=8 provides definitive evi- 
dence for efficient collisional transfer and casts strong 
doubt on the possibility of a bottleneck for vibrational 
relaxation at v' =6, 7. 
The bands observed at P=1 Torr are well fit by a ro-
tational temperature, Tt.,, t = 800 ° K. Not surprisingly, 
significant rotational relaxation has occurred at this pres 
sure. The observation of pronounced rotational relaxa-
tion focuses attention on the possibility of significant vi-
brational relaxation. While there are substantial changes 
in the observed population distribution, these changes do 
not indicate pronounced vibrational relaxation concomi-
tant with the buildup of emission intensity for the lower 
(v' =0-3) vibrational levels. Rather, one observes a 
shift in population to higher v' levels indicative of rapid 
collisional transfer from initially populated states to the 
B 2E* state. More specifically, we observe pronounced 
transfer for v' =6, 7, 8 and somewhat lesser effects for 
v' =4, 5, 9. Note that while the population in v' =9 is 
substantially less than that in v' =8, the relative popula- 
TABLE II. Main and extra transitions (v',v") in the B 2 E*— 
X 2 E* spectrum of Se°. 
A 
ment 
lV, ,,4,..1 %-fh in air 06 
Main 	Extra 




(8, 9) 5416.9 3432.4 18 455 18 403 52 
(8,8) 5164.6 5178. 8 19 357 19 304 53 
(8, 7) 4932. 8 1945. 9 20 267 20 213 
(8,6) 4719.1 4730.8 21 185 21 132 
(8,5) 4521.7 4532.7 22 109 22 056 53 
(8,4) 4338.4 4348.3 23 043 22 991 52 
(8, 3 ) 4167. 9 4177. 2 23 986 23 933 53 
(6,6) 5054.0 5090.6 19 664 19 677 13 
5084.0 5088.1 19 664 19 648 16 
(6,4) 4644.6 4641.9 21 525 21 537 12 
4644.0 4647.9 21 525 21 509 16 
(6, 3) 4430.1 4447.3 22 465 22 479 14 
4450.1 4453.1 22 465 22 450 15 
tion of this level has increased significantly relative to 
levels 	4. The observed population distribution is 
clearly non-Boltzmann. There is also a clear trend 
away from a Boltzmann distribution as pressure in-
creases. Vibrational relaxation cannot play a signifi-
cant role in any explanation of the pressure dependent 
effects observed in this study. 
As we will discuss in a later section, the peaking in 
the B 2E` population distribution at P=1000 pm results 
primarily from the inherent population of that level 
which feeds v' =8 upon collisional transfer. The peaking 
is not related to any bottlenecks in the B 2Z' state but 
can result in part from any process including vibrational 
relaxation which populates the "feeder" level of the 
reservoir state from which transfer occurs. 
B. Perturbations and satellite structure 
In the previous section we have considered the non-
Boltzmann distribution induced in the ScO B 2E* state as 
a result of collisional transfer. In a future section we 
will consider the possible states from which this trans-
fer can occur. Here, we focus primarily on those bands 
corresponding to transitions which originate in the v' 
=6 and 8 levels of the ScO B 21' state. Because these 
bands and their satellites are the most amenable to 
study, they have been,the most extensively investigated. 
The satellite structure which accompanies the intense 
emission from v' =8 B 2 E* is evident in Figs. 1(b) and 
5(a) where we depict the (8, 5) and (8, 6) emission bands 
at 400 and 1000 gm, respectively. In both cases, adja-
cent to each of these strongest features is a weaker and 
red shifted satellite band. A similar but somewhat more 
complicated satellite structure is observed for v' =6 
transitions in Figs. 4 and 5(b). Here the (6, 4) and (6, 6) 
bands are accompanied by both a blue and red shifted 
satellite. As indicated in Table II, several other transi-
tions involving the v' =6 and 8 bands have been observed 
throughout the visible region. A scan of the data in Ta-
ble II indicates that the energy separation (Av) between 
the main and satellite bands depends on the vibrational 
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level v' in B EE` and is invariant (within experimental 
error) to v", the vibrational quantum number of the 
lower state. The average separations are (Table II) 
Av=53± 1.6 cm"' for v' =8 and Av =16± 1.4 cm -1 (red 
feature) and 13± 1. 2 cm -1 (blue feature) for v' = 6. Here 
the uncertainties represent one standard deviation in the 
mean. 
It is the v' =6, 8 satellite features which have been 
the focus of our pressure dependent studies; however, 
further satellite features are clearly apparent at Pint 
 =1000 gm in Fig. 5(a). A weak satellite is associated 
with the (9, 7) band, its separation being 58± 2 cm'''. As 
we will demonstrate, the location of this satellite can be 
predicted on the basis of v' =6, 8 perturbations. The red 
shifted satellite features which accompany the (5,4), (4,3), 
and (3,2) bands appear to emanate from a band system dif-
fering from that which perturbs the v' =6-9 levels. The 
satellite and main features are separated by 25± 2, 
22± 2, and 20± 2 cm -1 for v' =5,4,3, respectively. The 
nature of these satellites will be considered further in 
the following sections. 
10 20 30 40 50 60 70 80 90 100 
RECIPROCAL ARGON PRESSURE (torr -1 ) 
FtG, 8. (a) Variation of relative intensity of main (I.) and 
(I_) bands •v:tli reciprocal arv;on pressure tor red 
.+2. satellite associated with v' = 6 ScO B 2 2:•*. The full line 
represents a linear least-squares fit to all data points 1(0) 
-(k, 6); (o) (6, 4); (a) (6,3) band—see Table II]. (b) Similar 
plot for v' =6 blue satellite (see Table II). 
RECIPROCAL ARGON PRESSURE (torr -1 ) 
FIG. 9. Variation of relative intensity for main (4) and 
satellite (L) bands with reciprocal argon pressure for red 
shifted satellite associated with v'= 8 ScO B 2 Z +. The full line 
represents a linear least-squares fit to all data points [(o) 
(8, 5); (13) (8, 6); (a) (8,7) band—see Table 
C. Pressure dependence of relative intensities 
In Figs. 8 and 9, we plot the intensity ratio L(v', v")/ 
4(v', v") versus reciprocal argon pressure [Ar]"' for 
the dual satellites associated with v' =6 ScO B z E* and 
the single satellite associated with v' =8 ScO B 2 E*. 
Total argon pressures were measured with a calibrated 
capacitance manometer and are judged accurate to 
±410%. Relative band intensities were measured using 
both peak heights and peak areas (spectra taken at a 
resolution of 0.8 A and scan speed of 0.1 A/sec), the 
majority of data involving peak area measurement; how-
ever, the comparative variations obtained for a given 
datum point in all cases were less than 20%. The data 
points in Figs. 8 and 9 were taken for a series of bands 
corresponding to transitions originating in v' =6, 8 
B 2E* and terminating in several vibrational levels v" 
of the ground state. The full lines in Figs. 8 and 9 depict 
least squares fits in accord with the predictions of Eq. 
(10). Table III lists the corresponding least squares 
parameters A..(v', v")//1.(v 1 , v") from the intercept 
and k./k RB from the slope. The error estimates result 
from one standard deviation uncertainty in the measured 
slope and intercept. The data points taken at lower 
pressure all display a negative deviation from the least 
squares fit. As we will discuss shortly, this is not sur-
prising since the collisional transfer process and the 
cor•••=o-y. ,:ling interaction potc;.tial LIT? 1 , .? strongly in-
fluenced tai- significant ctipole-crpole forces [ScO(res) 
+ScO-ScO(B 2E*)+ScO] versus the very much more pre-
valent dipole-induced dipole interaction [Sc0+ Ar 
ScO(B 2E1+ Ad at higher pressures. 
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TABLE III. Kinetic and spectroscopic parameters (defined in text) for vibrational levels v' 
=6, 7, 8, 9 of the Se0 B 272 stat•. • fr: , in one standard it,• ■.dation un-




k .,11? RB  
(Torr) AJA d2 6 (cm" 1 ) w (cm-1 ) 
k As x10-6 
 (Torr"t sec t ) 
62 1611.4° 0.05 0.78 0.44 2±0.6 15.9± 2.5 500 
16± 1.4 0.04 0.77 0.44 2*0.6 15.9*2.5 600 
13 ± 1.2b 29.75 0.040 0.038 12±1.8 2.5±1.2 0.84 
13±1.2 31.25 0.037 0.036 13±1.8 2.6±1.2 0.80 
72 34.9* 2.4 • .. 0.297 0.23 18.9* 2.6 14.7+4 
8a 53+1.6 0.12 0.20 0.17 35.81 2.4 19.5±2.4 210 
53 0.11 0.19 0.16 35.8 19.5± 2.4 230 
9 58±2d • • • (0.086)° 0.08 (48.8* 3. 2)f 14.4±2.8 • • • 
56.7±1.2g • • • 0.076 0.08 48.7±3.2 14.5±2.8 • • • 
'The first value represents the results of pressure dependence plots (Figs. 8 and 9) while the 
second corresponds to data obtained upon measurement of level shifts relative to unperturbed 
levels. 
bThe feature separated by 16 cm" I appears at longer wavelength while the feature separated by 
13 cm'l appears at shorter wavelength. 
2Caleulated through analysis of v' = 6,8 perturbations. 
'Measured perturbed level separation [Fig. 5(a)]. 
°Estimated from ratio /"/./ (see text for discussion). 
f Lower bound based on measured ratio1 -1/* (see text for discussion). 
'Calculated through analysis of v' -6,8 perturbations, and measurement of level shifts relative 
to unperturbed levels (see text for discussion). 
The application of the data obtained from Figs. 8 and 
9 to-the solution of the perturbation relation (4) and (5) 
necessitates several approximations in the microscopic 
interpretation of A t(v', v"). For electric dipole radia-
tion, 
k(v', v ")= (W* I ke( re) I g'" )1 2 , 	 (12) 
where the 'I' are the same as in Eq. (3) and Fig. 2 and 
Me (re ) is the electric dipole moment operator dependent 
upon the electronic coordinates 1' 1 . 12 The wave function 
III" represents the X 2E* ground state. The wave func-
tions for the ground state and the pure B 2E+ and reser-
voir states may be written as the product of an electronic 
and vibronic term. Following the notation of Eqs. (3)• 
(5) and Fig. 2, 
I X 2 E4)1 u"), 	= I B 2E* ) Iv') IF 2 = I res) I v) . 
(13) 
Substituting for 	and xli" in Eq. (12), 
A,(v', v") =1 c(.8 2Z• I  14„(re )I X 2Z*) (v' I v") 
- d (res I e(re )I X 21-1 (vI v")I 2 , 	(14) 
, v ") = I d (B 2E` I ifle (r,y )I X 2E+) (v' I v") 
+ c (res I gi (r0 )lx2E`)(v v")1 2 . 
	(1 5 ) 
Here "res" denotes a reservoir state or Franck-Condon 
forbidden high vibrational levels of a known electronic 
state. Because we have only a small amount of informa-
tion on the source states from which collisional transfer 
occurs, it is difficult to estimate the magnitude of the 
vibrational overlap factors (VI v") which appear in Eqs. 
(14) and (15). Since intensity measurements are limited 
to the strongest B- X features, it is reasonable to expect 
(v1 v") 5(v' 1 v"). Using 	d, we have, to good ap- 
proximation, 
A,(v' , v ")- c 2 1 (B 2 E' I 1171e (r.)1 X 2E11 2 1(v' I v")I 2 	(16) 
A similar approximation for 	v") is less satisfac- 
tory since the smaller coefficient multiplies the larger 
transition moment and vice versa. The cross interfer-
ence term obtained upon expanding expression (15) is the 
most troublesome since it is proportional to (v1 v") and 
(v'lv") and should therefore produce a v" dependence 
in the measured intercepts. Since this effect is not ob-
served experimentally, we feel confident that such terms 
may be ignored and that we are justified in the approxi-
mation 
„m y ' , 
a (13 2V. I 1171e(re)1 X aZ+)1 2 (uV")I 2 9 (17) 
so that 
v")/..44,(v 1 , v 1 )=d2/c 2 . 	 (18) 
Figures 8(a) and 8(b) comprise intensity measure-
ments for transitions (v', v") =(6, 4), (6, 6), and (6, 3). 
Since all three sets of data points fall very close to a 
straight line plot, these measurements indicate no v" 
dependence in the parameter A_(v', v")/A,(v', v"). 
Similar results are obtained for transitions (il , v") 
.(8, 5), (8, 6), and (8, 7) in Fig. 9. Consequently, the 
fractional admixture of "reservoir" state character 
(column 5 of Table III) may be estimated from Eq. (18) 
and the normalization condition c 2 +d 2 =1. The data in 
columns 6 and 7 give [from Eqs. (4) and (5)] the energy 
separation between unperturbed levels (5) and the per-
turbation matrix elements (iv), which will be dealt with 
more thoroughly in a later section. 
B 2 1+ 
v'•7 




FIG. 10. Comparison of B 2 Z+ and deperturbed "reservoir 
state" vibrational energy level spacing on the basis of the 
perturbation parameters given in Table III. The energy level 
spacings determined for the unperturbed reservoir state are 
indicated at the left-hand side. The location of the ScO A' 2 4,312 
level is also indicated () in the figure. It would appear that 
the vibrational spacings for the reservoir state are slightly 
smaller than those for B 2E ., indicating the possible interac-
tion with a low-lying 2 11 i state corresponding to configuration 
(29) in the text. 
The rate constant k, (Table III, column 3) pertains to 
emission from a single vibrational level v' in B 2E+ to 
all vibrational levels v" in X 2E`. The reciprocal of this 
parameter may be approximated by the radiative lifetime 
of the level v'. The last column in Table III gives values 
for k" estimated from kV-4x 10 .8 sec, the radiative 
lifetime for the first four vibrational levels of B 2E+ . 25 
 Intramolecular energy transfer is most efficient for 
those B 2E. levels which contain the largest admixture 
of "reservoir" state character. For v' =6; an analysis 
of the long-wavelength satellite indicates kR,- 5x 10 8 
 Torel sec -1 , which corresponds to a time period T-3 
x10-12 sec at 1 atm pressure. A second comparable val-
ue (kRB - 6X 108 Torei sec-1 ) is obtained by noting the fre-
quency shift of the v' =8 level relative to its frequency 
in the computer synthesized spectrum and combining this 
data with the 1"/1+ ratio at a given pressure. A similar 
analysis has been carried out for v' =8 using both the 
data analysis from Fig. 9 and level shifts measured 
from Figs. 1 and 5(a). The time scale which character-
izes the energy transfer is considerably shorter than the 
typical rotational relaxation time for R-R transfer pro-
cesses. 
The data obtained for the v' = 6, 8 levels of the ScO 
B 3E+ state indicates extremely strong mixing with an 
initially populated diffuse reservoir state (see also fol-
lowing sections). The observed transfer rates should 
be contrasted to that for the v' =6 short-wavelength 
caiellite, where kRB -8X105 Torr-l see l corresponds to 
T " 5 x10-9 sec at 1 atm pressure. Unfortunately, the 
regions of v' =7 emission are substantially overlapped 
7rohibiting a quantitative pressure dependence analysis 
'5igs. 8 and 9) at present. It does appear that transfer 
into v' =7 is comparable to that into v' =6 and 8 (Figs. 6 
and 7); however, two overlapping levels involving more 
than one reservoir state appear to be involved (see fol-
lowing sections). Despite these problems, we were able 
to obtain some information on the v' = 7 level using the 
results for v' =6 and 8. Assuming that the same reser-
voir state leads to the rapid transfer into v'=6 and 8 and 
using the deperturbed level separations (6), we can esti-
mate the vibrational level spacing in the perturbing res-
ervoir state and the separation of the v' =7 level from 
its corresponding perturbing level. The results of this 
analysis are indicated in Fig. 10. Having obtained the 
deperturbed level separation b =18.9± 2.6 cm-1 we mea-
sure the shift of the v' =7 level from its calculated posi-
tion (- 8 cm -1 ) to deduce Av-34.9± 2.6 cm -i . A similar 
calculation for v' =9 (shift - 4 cm-1 ) yields the data given 
in the second column of Table III. The agreement be- 
tween predicted (56,7± 1.2) and observed (58± 2) ati val- • 
ues is excellent lending credence to the validity of our 
approach for v' =7. The values of (A14,) for the two 
measurements involving v' =9 are not in strong agree-
ment; however, the first value corresponds to the mea-
sured ratio LA and therefore represents an upper bound 
to (A_/A.). Given the determination of 6 and Au, it is 
possible to determine w (Table III, column 7) from rela-
tion (5). 
We have not carried out extensive pressure dependent 
studies for the v' = 3, 4, 5 levels of the B 2E+ state. We 
can, however, obtain some estimate of the parameters 
for these levels and the states by which they are per-
turbed. Again, the level shifts for the main spectral 
features from their positions in the computer synthesized 
spectrum are determined. These shifts when combined 
with measured satellite-main feature separations (AO 
yield the data given in Table IV. From Au and 6 a value 
of d 2/c 2 was estimated from Eq. (5). The determined 
6 values indicate that the perturbing levels must be cor-
related with a different perturbing reservoir state and 
do not correspond to an extension of those levels inter-
acting with v' =6-9. The emission characterizing the 
v' = 3, 4 satellites is quite broad and therefore it is dif-
ficult to estimate Au and to determine readily the rela-
tive intensities of satellite and main features. The v' 
= 5 satellite is more defined and, using intensity data 
from Fig. 5(a), /..(vi, v")/./.(v', v") was deduced and 
combined with d a/c 2 and the known radiative lifetimes 
[Eq. (10)] to estimate the transfer rate given in the last 
column of Table IV. It appears that collisional transfer 
to v' =5 is approximately an order of magnitude less ef-
ficient than that to v' =6, 8. 
In summary, our pressure dependence studies indicate 
that there must be at least one-low-lying long-lived res-
ervoir state interacting strongly with the B 2E+ state. In 
the following section, we focus on the nature of those 
possible metastable states which of might correlate 
with the satellite levels. The number of candidates ap-
pears to be quite limited. 
D. Perturbation matrix elements—possible 
interacting excited states 
In order to assess the possible reservoir states which 
interact strongly with ScO B 2 E* , we consider the molec-
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TABLE IV. Spectroscopic and kinetic parameters for vibrational levels v' =3,4,5 of the ScO B 2 E* state. a 





shift (cm-I ) 
a 
(cm-1 ) d2 /c2  d2 w (CM-t ) 1.11. 
K RB X 10-6 
(Tori i sec-1 ) 
3 20±2b 8-e1 4± 0.67± 0.17' 0.4 ± 0.07' 9.82.2e >0.54 d 
4 22±2b 7±1 8± 0.47± 0.15' 0.32±0.07 10.3±2.2 0 >0.444 
5 25±2 6±1 12± 3 0.35± 0.12 0.26±0.06 11 ± 2 0.75±0.06 55± 40 
aParameters quoted in this table obtained from spectrum taken at P ot =1000 prn [Fig. 5(a)]. 
bBand is broad and av value must represent a lower bound to the appropriate value—see text for discussion. 
'Lower bound due to Ai , measurement—.see text for discussion. 
dObtained from peak height measurements. Broad nature of band makes quantitative measurement prohibi-
tive—see text for discussion. 
I- A 
(25) 
electronic states of ScO and the possibility of their spin-
orbit or Coriolis interaction with the B 2 E+ state. 
To date the only ab initio calculations carried out on 
any of the Group IlIb metal monoxides are those by 
Carlosn, Ludena, and Moser. 28 Their calculations cor-
rectly predicted the ground state to be 2E+ . In addition, 
they predicted the first excited state to be 2 0,. with an 
energy of 2. 0± 0.5 eV. Their work has since been veri-
fied experimentally. 5 The ground state configuration 
used in these calculations is 
1a 2 2cr 2 3g 2 1.7r 4 4g 2 5g 2 6cr 2 27 4 7o-2 8cr 2 37 4 9, X 2E+ . (19) 
The low-lying 2 1.1, r  state arises from the configuration 
• • • 8 2 3r 4 16, 	 (20) 
The A 21I state arises predominantly from 
• •• 8cr 2 37r 4 4rr, A 2 11 , 	 (21) 
while the B 2E* state arises from the configuration 
• • • 80- 37r 4 9g 2 , B 2E+ . 	 (22) 
The predominant terms in the 9g, 16, and 47r . LCAO--
MO's are 4scr(Sc), 3d6(Sc), and 4p7r(Sc), respectively. 
There is also significant npu(Sc) contribution to the 9o -
orbital. The 80. orbital is predominantly 2po- on oxygen. 
The four configurations (19)-(22) represent first order 
descriptions of the lowest lying states from which emis-
sion has been observed in ScO. 
In order to assess possible interactions with the 
B 2Z* state we adopt a simplified microscopic form of 
the spin-orbit operator commonly used in semiempiri-
cal calculations 
Hs°  = E k h (rk, ) /1„ 	„ 	 (23) 
I ,P, a 
where the sum is over electrons i and nuclei k, F,'„, and 
Si are the a =x, y, or z components of the orbital and 
electron spin angular momentum, respectively, and 
is the spin-orbit constant, proportional to the 
inverse cube distance rki between electron i and nucleus 
k. Coriolis operators expressed in terms of one- and 
two-electron operators are 
- 	+ 1,..)= --(4T-7721y -n- ) 1-,„%rzr, 	+ (_r7. 	, 
(24) 
B(L, S_ + 
S.)-(4irch.p.r2)ft 	 s j-) 
+( 	(E si)1 • 
Matrix elements of these operators between several low-
lying configurations and the B 2E* state have been evalu-
ated to determine the extent of the possible interactions 
which can lead to the previously discussed satellite 
structure. In these calculations, we have assumed that 
each electronic state arises from a different single con-
figuration, each of which is analogous to those used by 
Carlson et al. for ScO. The following low-lying config-
urations can couple with the B 2E* state 
" • (80(3r) 4 (90 (100 2 E+, 4Z* , 
	 (26) 
• • (8P)(37)4(90(47r)2n;., 4n, , 
	 (27) 
• • • (80 (3704 (9a) (7r 
	
(28) 
• • • (802 (3703 (902 , 2 n i , 
	 (29) 
where the 10o- and Tr' LCAO-MO's are (4s+ 4p) a and 
3 dr on scandium, respectively. There are also a small 
number of additional low-lying configurations which in-
volve promotions among `.he ng (n=8-10) and nr (n=3,4) 
orbitals; however, these configurations will not couple 
(within the approximations used here") with the B 2 E* 
state. 
In constructing appropriate wavefunctions, we recall 
that parity represents a good quantum number. There-
fore, the wave functions corresponding to configurations 
(19)-(22) and (26)-(28),are written in a parity basis. 
Linear combinations which transform as eigenfunctions 
of the parity operator are given in Table V. Methods 
for evaluating these matrix elements have been described 
elsewhere. 5,28 
The evaluation of nonzero matrix elements for the 
spin-orbit and Coriolis operators leads to a surprising-
ly simple result. Only matrix elements connecting the 
B 2E+ state with the 2 1-1, configuration (29) and one com-
ponent of the 4 I1, states, specifically 4IIr-1/21 are non-
zero. The 2 H, components interact through both spin-
orbit and coriolis coupling whereas 4 H,.. 112 interacts only 
through spin•orbit coupling. All other matrix elements 
connecting the B 2E+ state to those states arising from 
the configurations (26), (27), and (28) vanish. Because 
spin-orbit coupling strongly dominates the coriolis in- 
TABLE V. Determinantal wave functions. 
PC 2E 1* , v) = (1/17) [ IA= 0, S = 	E = 	J)± (_1)1.4/ 21A= 0, S= 
IA' 2 A1/2, 	= ( 1./r2) [ 1 2 1- 	raJ)T (-1) J-3/2 1 - 2 ID I 	Iv) 
IA' 2 A1, 2 , v) = (1/r2) [12 1-) IZ J) (-1)J-5/ 2 1-2 I-I) I 	J) iv) 
IA 2 111, 2 , 	 ± 	 -1) I -I J)Itr)a 
IA 2 111/ 2 , 0= (1/✓ 1111i> 13 J) (- 1) J-312 1 - 1 i - 	 - 	 10 1 
1 4 E1, 2, v) =(1 AlT) [ 102- -3) 	J)± (-1) 1-3 / iq - -1) Jo) 
1 4z;,2, 	(11,17) [1a> + lb> + lc) (-1) J-112 ( la") + lb") + lenlv) b' e 
l int/ 2 , v) = (1/V-2) I 11 33)13 J).(_iv-5/21 -it -3) I -3 J>i 
v) = oird, 	+ le> + I 1")± (-1) 1-3" ( kr) + 	-I-  if-))] 
I 4111/ v> (1/1-6) Ig) + IA) + li) (-1) 1"" 2 ( 	+ 	+ I i"))1 Iv> b, c 
v)=(1/i2)(Ili-i) 	J)=(-1) J.1 / 2 I -12i) liJ)11v> 
1 2 14±1/ 2 , v)=(1/1g) Hi) + 112)+ i/)± 	2 on + ik->+ 111)10 
1 2 11ni2, v>=01,r6) lm) + In) + lo) (-1) J-3 / 2 (Ini -)+ 	+ 10"))10 
la), Ib), lc); IA=0, S=i, z=1>c 
kr>, 1r), 1v- ) ; in=o, s=3-, E=-De 
Id), le), I f);  IA=1, S=t, E-i)e 
Id'), 	If); IA=-1, s=t, z=-1)c 
Ig), Ih), li); IA=1, Sq. E= - D e 
(&,-) , 	Ii - ); IA= - 1, S=3, E-A>c 
17), 1k), 1/); 1A=1, s=L, 
If), lk"), 11->; IA= - 1, s=i, 
WO, In), lo); 1A=1, s= 	E=i) 
Im -), 	10; IA=-1, 
= 	liZ=--i, 	Iv)a  
aThe determinantal wave function for ScO B 2 E . is virtually identical to that for X 2 E*; however, 
the electron configurations for the X 2 E . and B 2 Z+ states differ. The 2 ni configuration (29) is 
represented by a determinantal wave function virtually identical to that for A 2 11; however, the 
configurations differ. See text for discussion. 
bSlater determinants are symbolized by IASE) when only one Slater determinant can be con-
structed with the specified values of A, S, E. Otherwise, letters are used as labels. 
cSpecific determinants are defined with respect to the configurations given in the text for 4 E* 
and 4ri r . 
teraction we will consider only matrix elements of the 
spin-orbit operator. Using the determinantal wavefunc-
tions in Table V, the matrix element connecting 4 11,... 1/2 
 and B 2 E, is of the form 
w=(v , 414-1/ 21 11w I B 2E1/2, 	71') 
=1 (v1 vi){± [(-- 1) .T4' 12 (-- 111111.10-1D 
(-1)-1/2 (11--u 14° 101 _1)11 , 	 (30) 
where the notation is that used in Table V, I v) and I v') 
represent, respectively, vibrational wave functions for 
the 4 17, and B 2Z` states and we have noted that 
(11-111/80 1011)=(-111-1Hso lG1-1)=0 . 
Expression (30) can be simplified by re-expressing 
the basis functions I ASE) in terms of antisymmetrized 
products of one electron molecular orbitals. 1 ' 2 Consid-
ering the interaction bet•v-eon the 4 1-1,. [Eq. (27); and 1.-.; 
states and omitting the 3ir orbital which remains fully 
occupied in both B 2 Z+ and 4 1i,. [Eq. (27)], 
I - 1 11) = I A(' • ' 	1+4 Ori 0.0 , 
0 1 	= I A( • 0*, 0; 	, 
where numerals 0 and ± 1 identify the z component of the 
orbital angular momenta l„ and superscripts ± specify 
the corresponding projection of si . A is the antisym-
metrizing operator and the subscripts 4, 8, and 9 per-
tain to molecular orbitals 4r , 8o-, and 90- , respectively. 
Expressions similar to Eq. (30) may be written for 
I 1; -1) and I 01 -1). The many-electron integrals 
which appear in Eq. (30) may now be reduced to tractable 
sums over one electron integrals noting 
( -1 2 2I H2O 
3 3 
	
0 1 1) = - ( 1 1 - 1 I Hso 1 0 1 - 1) , 
we have 
( 7 ,! 7 , 1 ) 	111•1/ 2 	 , 	. • 	) 7- 0) 
	
(32a) 
Through a very similar approach to that already ap- 
plied to the treatment of B 2E112-A  2 11" interactions in 
(31) 
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MO,' the appropriate matrix element for 21111/2  B 2E* 
spin-orbit coupling is 
(320 
The presence of E k(r,)- r43 assures that only one cen-
ter integrals will make a significant contribution to the 
Eqs. (32). A complete evaluation of the matrix ele-
ments co requires knowledge of the molecular orbitals 
I - 1 4) = 47 , I - 1 3) = 37 , I 08) = 2po, and 08) = 9o. . In or-
der to evaluate the matrix elements (32), we note that 
the 4 11,, 2 11 4 , B 2S* , and A 211 states can be represented 
to reasonable approximation by the charge distribution 
Sc*O". 26 
To evaluate the 411_1/2-B  2E* interaction, we represent 
the 47 orbital as an atomic p orbital centered on scandi-
um and take into account the (Sc) po - orbital character of 
the 9Q orbital (using the population analysis given in Ref. 
26) to determine 
0. 25/1(- 1):* 1 i 2 a0 (v) v') , 
where we have taken advantage of the transformation 
property29 /(11P0)=.1-2. 1 P t) . The radial integral 
a0 = (pH I E o(ro ))pH) 
may be evaluated by considering the spin-orbit splitting 
of the ScO A 211 state which is 120 cm"' (Ref. 30) giving 
20(v)v')cm"' 	 (33) 
A matrix element of similar magnitude can be esti-
mated for the interaction between B 2E* and the 4 11, state 
corresponding to configuration (28). 
The evaluation of the 2 11 4 •B 2E* interaction follows 
from previous studies' in which we represent the molec-
ular orbitals as atomic p orbitals 
- 	1 
 
-13) - P..(0") and 1 08) - P0(0- ) 
centered on the oxygen ion (0"). Again using the ap-
propriate transformation properties 
(LI"' (1 	ao (v' I v) , 
where the radial integral 
ao=i,P(&)1 E D(ro) I P(0)) 121 cm"' 
(Ref. 31). We arrive at the final result 
co - 86 (v' 1 v) . 
Equalities (33) and (34) are clearly not exact because 
approximate representations have been used for the 31r , 
, 80, and 9g orbitals, respectively. In addition the 
spin-orbit coupling constant a 0 -121 cm"' is strictly ap-
propriate to Cr and not SeCT. 
It would appear that the significant energy transfer ob-
served for the v' =6,8 levels of the ScO B 2 E* state is 
related to the presence of 4 11„ or 2 11 4 reservoir states 
and more specifically to the location of levels with sub-
stantial 4 1.4_ 1/ 2 or 2 11 11/2 character is close proximity to 
v' =6, 8. There is also the possibility of second-order 
coupling effects associated either with 411,_1/2  mixing 
(small admixture of 4 11, 1/2 ) with other components of 
the 411, state or other low-lying configurations which do 
not couple directly with B 2E* Similar comments apply 
to 2 11 4 . The representation of the ScO electronic states 
through more appropriate multiconfiR•urational descrip 
tio.q';' will introduce further weak couplings. If we con-
sider the long-range interactions (following section) 
which should characterize the weakly interacting v' =6 
satellite and those satellites associated with v' =3,4, 5, 
second order coupling effects and higher order descrip-
tions of the interacting states may play a significant 
role. A similar comment applies to the multiple com-
plicated spectral features associated with v' =7 [Fig. 
5(b)]. The relatively strong interactions associated with 
v' =3, 4, 5 (Table IV) appear to emanate from a different 
source than v' =6, 8. In view of the magnitude of the ma-
trix elements (33) and (34) and the data in Tables III and 
IV, we favor an interaction with levels which are pri-
marily 2 11 41/2 for v' =6-9 B 2Z* and levels which are 
primarily "14_ 112 for v' =3, 4, 5. The confirmation of the 
exact nature of the interacting levels awaits further anal-
ysis. It is somewhat surprising that strong emission 
from the 'II, state [configuration (29)1 has not been ob-
served; however, no information has been obtained for 
this state. Similarly surprising effects have been noted 
in IC1. 32 Finally, we should note that there appears to 
be a close correlation between the location of the weakly 
interacting v' =6 satellite level and the v =14 level of 
the ScO A 2 3/2 state, This correlation is drawn on the 
basis of our analysis of the A' 2A312 state for which we 
find T0 =14 966 cm - ', we = 843. 6 cm" 1 , we = 4. 8 cm"'. 
The agreement between calculated and observed level 
positions (3 cm"") is quite enticing. If the weak satellite 
is associated with 2 6,3/2 , this interaction must result 
from secondary coupling effects. 
SUMMARY AND DISCUSSION 
The primary emphasis of the current study has been 
the analysis of rapid energy transfer routes connecting 
certain long-lived electronically excited reservoir states 
in ScO with ScO B 2 E*. As Table III demonstrates, the 
observed energy transfer rates from levels which would 
appear to possess substanti-1 4 11,_ 1/2 and 2 11 41/2 charac-
ter (Sec. IV D) are unusually fast for the most highly 
perturbed and hence most strongly interacting levels of 
the B 2 E* state. Intramolecular energy transfer is most 
efficient for those levels of B 2 E*  which contain the larg-
est admixture of "reservoir state" character. For both 
v' =6 and v' =8 B 2E*, the observed bimolecular trans-
fer rate constant is significantly larger than 10 8 Torr 
xseel corresponding to a time period of 10" 12 sec at 
1 atm pressure. This is approximately two orders of 
magnitude faster than a typical relaxation time for rota-
tion-rotation energy transfer. 24 
It is instructive to compare the rates observed in this 
study with appropriate rate constants for "hard sphere" 
collisions between Ar and ScO. In order to make this 
comparison, we assume that the ScO translational tem-
perature will equilibrate more rapidly than the rotation-
al temperature. 24 ' 33 Therefore, based on previously 
computed rotational temperatures (Sec. IV A), we con-
sider hard sphere collisions between Ar (300 ° K) and 
ScO (1000 °K), 34 and compute a bimolecular rate con-
stant k - (5-6)x 10 6 Torr-i sec-i . Hence, the transfer 
(34) 
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rates to v' =8 ScO B 37";* approach 50 and 100 times gas 
kinetic. This is not surprising for we expect long range 
forces to be the most efficient in causing the observed 
transitions. Collisions with argon35 may be viewed as 
time dependent perturbations which cause transitions 
between states (mixing via spin-orbit coupling) 
1+) = cl B 2E") v') J') - d I res) 1 v)! J') 
and 	 (35) 
-)=dIB 2E+) I vi)Ij) + res) 1v) 1J) 
of ScO. The selection rule dictates that the two com-
ponents of I +) and I -) contain the same rotational basis 
functions I J) and 1 J'). The perturbing Hamiltonian is the 
the time dependent intermolecular potential between Ar 
and ScO. For a particular trajectory, the rate constant 
kRB is proportional to the squared matrix elements of 
the amplitude V of this interaction 
kRB  cc I (+I VI -)I 2 . 	 (36) 
Here, the interaction V arises primarily from the dipole-
induced dipole and dispersion forces between the ap-
proaching atom and diatomic; however, at the lowest 
pressures characterizing the current experiments di-
pole-dipole interactions between ScO molecules as well 
as inelastic collisions with NO2 may play a significant 
role." The long or short range nature of the interaction 
causing transitions depends upon the time scale of the 
collision versus the frequency of the transition (argu-
ments analogous to radiation-adsorption process). If 
V acts over a "range" L, energy transfer will be most 
efficient for those collisions having a relative velocity v 
such that 
v/L-cap . 	 (37) 
For a typical root-mean-square velocity of 5X 104 cm/ 
sec, L corresponds to 3.1 A for the perturbed v' =8 
level and 10.3 A for the red shifted and most strongly 
interacting v' =6 satellite. Indeed, this simple model 
agrees reasonably with the relative magnitude of observed 
transfer rates to the v' =6 and 8 levels. Because the 
v' =6 transitions are expected to occur at much longer 
range, it is not surprising that they proceed at a faster 
rate. This result indicates that the observation of a 
population maximum at v' =8 at Put =1000 µm (Fig. 
7) must result primarily from the nature of the relative 
populations in those feeder Levels associated with the 
transferring reservoir state. The value of L associated 
with the weakly interacting shorter wavelength v' =6 
satellite is 12.6 A. Therefore, even this weakly inter-
acting level would be expected to exhibit observable in-
teractions and manifest itself readily in the observed 
emission spectra. 
If we substitute Eq. (35) into (36), we have 
kli2/Ba c 2 (J' (v' (B 2E' I 171 res) 1 v) 1J) 
- d2 (J1 I (vI (res I VI B 2 E.) I v') I J) 
+ cd{(J' I  (v'  I  (B 2E* I VI B 2E+) 1 v')1J) 
- (J` (v (res1 TA, res)1v)14 , 
where the terms in brackets are off diagonal in J alone 
and correspond to 	R processes within the manifolds 
I B 211`) I v') and I res) I v). The remaining matrix ele-
ments (off diagonal in three variables) correspond to 
electronic quenching processes, all of which are ex-
pected to proceed at a relatively slow rate. The nature 
of relationship (38) indicates that we have observed the 
equivalent of an unusually fast R- R process. The mag-
nitude of the effects which characterize these systems 
may not be surprising. In retrospect our observation 
may be intimately connected with the large dipole mo-
ments which characterize the ground and excited states 
of most refractory high temperature molecules. There 
may, however, be other more subtle factors operative. 
The enhanced transfer cross sections observed in the 
present study are reminiscent of the large cross sections 
now being associated with energy transfer involving 
highly excited Rydberg states. 38 One may view a highly 
excited Rydberg state as an electron circulating in wide 
orbit about a positive ionic core." If we consider col-
lisions with a neutral molecule, the interaction poten-
tial for this Rydberg state is dominated by the electron-
neutral interaction, the ionic core-neutral interaction 
contributing much less to the cross section. This result 
leads one to believe that effects observed in the present 
study might be correlated with an increasingly diffuse 
electron density associated with molecular excitation 
(electronically excited states or high vibrational levels 
of the ground electronic state); however, it is not clear 
what the extent of long range electron density must be 
in order to facilitate the observed energy transfer. In 
other words, the observed energy transfer may require 
only a small "tickle" as opposed to substantial electron 
density. 
Effects similar to those described here for ScO have 
now been observed in YO and LaO where E-E energy 
transfer is even more pronounced. In a related study 
V-E energy transfer has been observed in BO at pres-
sures as low as 11:r 5 Torr.. 
As more data are collected it should be possible to 
ascertain interesting correlations regarding the nature 
of these "time dependent" collisional transfers and the 
intermolecular potentials which characterize the pro-
cesses leading to efficient transfer. We are now inves-
tigating the effects of polarizability variation in the col-
lisional partner versus Ar using He, N2, CO, and CO2 . 
There appear to be several distinct playoffs between level 
separation, range of interaction, and mean free path at 
a given pressure. 
In the current studies, we have utilized the strong per-
turbations among the excited electronic states of high 
temperature molecules. Although a complete .perturba-
tion analysis of the emission spectra (all rotational lev-
els) may be prohibitive if not impossible," the appear-
ance of the satellite features allows us to achieve a good 
quantitative description of those "super highways" con-
necting various electronic states. If one wishes to un-
derstand efficient energy deposition processes, this is 
a valuable tool. 
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Evidence for ultrafast V-E transfer in boron oxide (BO) 
A. W. 1-lanner and J. L. 
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(Received 29 May 1980; accepted 14 July 1980) 
Boron atoms react with oxygen (0 2) and nitrous oxide (N 20) to yield the A 211-X + spectrum of BO. 
These reactions have been characterized from 10 - ' to 10 -3 Torr and at - 1 Torr in order to study 
relaxation and the rapid intramolecular V-E transfer BO(X 2.Z +, , u" = 17) + X-)130(A 211 11, u' = 4) + X 
where X = 0 2, N20, or a combination of these oxidants with argon. At the lowest pressures, a ground 
state boron atom interacts with a tenuous atmosphere of oxidant gas (beam-gas configuration). These 
"single collision" studies are extended in a controlled manner to higher pressure by entraining the metal 
atoms in argon and subsequently carrying out the oxidation of this mixture. At all pressures the measured 
A vibrational populations follow a markedly non-Boltzmann distribution. At pressures as low as 6x 10' 
Torr, the formation of BO A 'II 112 , v' = 4 results from both the direct reaction B + RO BO* + R and 
the collisional transfer 130(X 22' +) + RO -430(A 217) + RO. The spin orbit interaction in BO connects 
rovibronic levels of X 22. + and A 211 112 facilitating a route for rapid intramolecular energy transfer. This 
energy transfer leads to the observation of sharp features in the neighborhood of the BO A 217-X 2.1' 
(4,0) band which may be correlated with the J' = 18.5-21.5 perturbed rotational levels of BO(A 2 17 „ 2). We 
characterize this phenomenon determining population distributions, rotational temperatures, and the 
temperature dependence (boron source) of the chemiluminescence emission. The effects observed in BO 
demonstrate that a highly vibrationally excited ground state species interacts in the presence of a collision 
partner with a cross section substantially in excess of that expected for "gas kinetic" interaction. This 
behavior may have important implications for the modeling of energy systems as well as the ability to 
create population inversions requisite for the construction of visible chemical lasers. 
INTRODUCTION 
Recently, it has been determined that intramolecular 
energy transfer among the excited states of molecules 
important at high temperatures proceeds at a rate com-
parable to or much greater than the gas kinetic colli-
sion rate. 1 This energy transfer is particularly effi-
cient for the most strongly interacting excited state 
levels and hence the most strongly perturbed levels of 
each state. While previous studies have concentrated 
on rapid E-E transfer, the present study focuses in 
large part on rapid V -E transfer involving the high vi-
brational levels of ground state BO(X 2E*) and levels of 
a low-lying A 211 state. The V -E transfer in boron oxide 
is observed over a much lower pressure range (- 10 -4 
to 10-2 Torr) than that characterizing previously ob-
served E-E transfers. 
Elemental boron represents an elusive yet ever-
present component of several systems characterized 
by high temperature materials conversion. The nature 
of the products of its oxidation is of fundamental impor-
tance to the understanding of energy dispersal in the 
combustion environments created by metallized rocket 
fuels2 and may play a significant role in the advance-
ment of laser technology. 3 While several studies have 
focused on Group IIIA metal oxidation involving alumi-
num, 4 gallium, 5 and indium, 6 the characterization of 
metatheses involving boron has been limited. From the 
standpoint of molecular electronic structure and the de-
tailed understanding of molecular reaction dynamics, 
the diatomic and triatomic compounds of boron would 
seem to lend themselves more readily to study; how-
ever, little effort has focused on boron oxidation since 
it has been extremely difficult to obtain substantial boron 
atom or dimer concentrations in the gas phase, Not 
only is boron a highly refractory compound, but also it 
is extremely corrosive at elevated temperatures. 
In the present study, we will be concerned with the 
highly exothermic chemiluminescent reactions of boron 
with 02 and N20 producing the ground and low-lying 
A 211 states of boron oxide (BO). Metatheses which in-
volve boron atom oxidation to produce chemiluminescent 
spectra of the boron oxides (BO, B0 2) have been re-
ported. The boron atoms in these studies are formed 
using either the dissociation of other boron compounds 7 • 8 
 (in flow systems), laser evaporation techniques, 9 or 
electron bombardment heating of a carbon crucible con-
taining a bulk metallic sample. 1° In pursuing this prob-
lem, we have developed an intense effusive thermal beam 
source in order to study the reactions of boron ( 2P) atoms 
under both "single" and "multiple" collision conditions. 
Single collision beam-gas studies allow the character-
ization of nascent product formation. 11 Multiple colli-
sion experiments" allow the controlled study of relaxa-
tion and quenching phenomena as well as the study of 
rapid energy transfer routes among the electronic states 
of high temperature species. 
It is noteworthy that early researchers 13 first used 
the boron oxide (BO) spectrum to demonstrate the isotope 
effect usually mixing BC1 3 vapor with a stream of flow-
ing active nitrogen containing traces of oxygen. More 
recently, BO and B02 lifetimes have been studied by 
adding BC13 directly to microwave discharged 0 2 . 14 
 These methods, while leading to detailed and elegant 
spectroscopy and kinetics, in general, do not produce 
the product internal excitation inherent in a highly ex-
othermic beam-gas chemiluminescent reaction. 15 The 
added excitation characterizing these processes brings 
to light several unusual features in boron oxide. In 
studying the BOA 21i --X 2E' emission which results from 
the single collision B-02 and B-N20 reactions, we find 
evidence for the rapid vibrational to electronic energy 
transfer BO(X 2 E ., v" = 1 7 , K 19-22) - BO (A 211, v' 4, 
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J- 18.5-21.5). This intramolecular process is observed 
at pressures as low as 6 x10 -6 Torr (oxidant) and must 
correspond to the very long range interaction of a dif-
fuse, highly vibrationally excited BO molecule. It ap-
pears that the interaction leading to energy transfer is 
made efficient because of a strong spin-orbit interac-
tion between the St =1/2 component of the A 211 state and 
the X 2E + state of boron oxide. The correlation of the 
present study with those of previous researchers sug-
gests that the 211, /2 -2* 2 interaction is sufficient to af-
fect the relative transition moments of the two A 211 com-
ponents, i.e. , at 2 x1(1 4 Torr the fluorescence intensity 
of the 211 1/2 component (A 21-1 1 / 2 -X 27. 1./ 2) is less by a fac-
tor of 1.2 than the more intense 211 3 / 2 (A 211. 312 -x 2n 
emission. 
In order to better understand the unusual effects ob-
served in BO, we have carried out both single and multi-
ple collision studies. We report product population and 
rotational temperature distributions comparing the na-
ture of these distributions with previous studies. In ad-
dition, we characterize the pressure and temperature de-
pendence of the B-0 2 and B•N20 metatheses, focusing 
primarily on the spectral region associated with 
BO A 2f1 I/ 2, v ' =4 bands. 
EXPERIMENTAL 
The burner systems used in these experiments are 
similar in overall design to those outlined previously 16 ; 
however, in order to develop intense boron sources, 
significant modifications were needed. In order to study 
nascent excited state product formation under single col-
lision conditions in a beam-gas system, boron atoms 
were generated by resistive radiative heating of a 99.95% 
graphite (Micromechanisms) crucible containing ele-
mental boron (Alfa Inorganics 99.7%). The 1.8 cm 
o. d. crucible is surrounded and heated by a 2.0 cm i. d. 
99.95% beveled graphite radiator" to temperatures 
ranging from 2175 to 2675 K. Extensive and precisely 
fashioned heat shielding surrounds the crucible-radiator 
assembly (typically two to three shields of 0.12 mm 
tantalum). The construction and operation of the oven 
system is greatly facilitated if the coefficients of expan-
sion and reactivity of the constituents are carefully con-
sidered. As a precaution against the corrosive nature 
of boron, the crucible wall thickness exceeds that of 
previous designs where wall thicknesses ranged from 1 
to 1.5 mm. A typical crucible is 7.9 cm in height. A 
central chamber of diameter 1.0 cm extends downward 
5.7 cm from the top of the crucible resulting in a cruci-
ble wall thickness of 3.5 to 4.0 mm. The lower 2.0 cm 
of crucible remains a solid rod, this configuration pro-
viding an excellent combination of structural integrity 
under high stress conditions together with ample crucible 
volume for containment of the boron.sample to be vapor-
ized." Run times typically ranged from 3 to 6 h, a 
ty2ical crucible being of use for two to three experi-
ments. 
The boron was vaporized through a crucible orifice 
': nging in diameter from 1 to 4 aim, the beam inter- 
svcting. a reaction chamber filled with (- 0.6 to 12) x10 -4 
 Torr of oxidant. Variation of the orifice diameter or 
shape over the range indicated did not affect the struc-
ture of the observed chemiluminescence. The oxidant 
gases 02 (Specialty Gases Division, Air Products 
? 99.994%) and N20 (Matheson ?_- 98%) were used without 
further purification although the 0 2 was passed through 
a drying tube as an extra precaution." Pressure depen-
dence studies (oxidant) were carried out using both a 
capacitance manometer (MKS Baratron) and an ioniza-
tion gauge (only 02). Operating temperatures were 
recorded using a Leeds and Northrup optical pyrometer 
focused directly on the crucible orifice. Temperature 
dependence studies were carried out using the pyrometer 
in conjunction with an optical multichannel analyzer 
(Tracor Northern). 
The current source should be contrasted with that of 
Brzychcy et al.," who have used photon counting to . 
study the single collision chemilunninescent reactions 
of boron with 02 and N20. Whereas these authors were 
unable to observe emission from the B-N 2 0 reaction 
(even with the N20 temperature elevated to 1300 K), we 
have been able to observe emission easily in the present 
system. We have obtained a much more intense signal 
from the B-02 reaction versus B-N 20, substantiating 
the observations of Brzychcy et al. 1° A back-of-the-
envelope calculation indicates that the current boron 
source and beam-gas configUration results in a chemi-
luminescent signal at least three orders of magnitude 
more intense than that reported by Brzychcy et al. 
Over the temperature range of the experiments the 
boron flux in the reaction zone varied from - 10 12 to 	• 
10 15 atoms/cm2 s. 
In extending our studies to multiple collision condi-
tions, boron was evaporated from a graphite crucible 
fitted into a tungsten basket heater (R. D. Mathis, 
Long Beach, Cal.), the entire assembly being wrapped 
with two layers of zirconia (Zr02) cloth (Zircar Prod-
ucts, Florida, N.Y.). This grouping is encircled with 
a tantalum heat shield surrounded by a 2 in. i.d., 3 in. 
o. d. zirconia collar. Both the top and bottom of this 
entire grouping were covered with zirconia cloth, leav-
ing only a 5 mm opening for the boron beam to escape. 
The extensive zirconia-tantalum insulation and shield-
ing significantly reduced heat loss due to black-body 
radiative processes and, at the higher pressures, gas 
conduction. Its use permitted an upper operating tem-
perature of 2500 K, 17 considerably exceeding expecta-
tions for the tungsten basket heaters. In a few runs, 
the carbon crucibles were replaced with zirconium 
boride; however, the use of these crucibles provided 
no significant improvement over carbon. The entire 
oven assembly was surrounded by a water cooled brass 
shield, all components being placed inside a vacuum 
chamber. 17 The brass shield not only provided neces-
sary chamber cooling but also furnished an effective 
"light" baffle against black-body radiation from the 
crucible and heater. 17 
The boron was entrained and collimated by argon car-
rier• 	(:latheson 99.9595'.,0 (11(1 Lram-j)(Irtuci to the re- 
action zonc, where mixing with the oxidant gas occurs. 
Typical operating pressures ranged from 200 to 1000 
InTorr of argon and 10 to 50 mTorr of N20 or 02. In 
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FIG. 1. Chemiluminescent spectrum 
obtained under single collision condi-
tions from the reaction B+ 02 BO* 
+0. Bandheads in the BOA 2 Il-X 2 E' 
band system are denoted (v ',v 
The lower trace corresponds to the ex-
perimental spectrum while the upper 
trace is a computer simulation. Note 
the deviation in the region of the (4,0) 
band. Spectral resolution is 1 A; scan 
speed is 1 A/s. See the text for dis-
cussion. 
all cases the gas concentration in the multiple collision 
studies is dominated by the argon carrier. As a func-
tion of the argon pressure, the reaction produces a 
conical flame 1.2 cm at the base and from 2 to 10 cm 
tall. This should be contrasted with a diffuse flame 
observed under single collision conditions. 
Both the single and multiple collision chemilumines-
cent flames were focused onto the slit of a Spex 1 m 
monochromator, equipped with an RCA 4840 photomulti-
plier tube. The photomultiplier was cooled using nitro-
gen passing through a dry-ice slush. The photomulti-
plier signal was detected with a Keithley 417 fast pi-
coammeter whose output signal (partially damped) drove 
a Leeds and Northrup strip chart recorder. The spec-
trometer was calibrated with mercury and neon lamps. 
The entire optical system was calibrated for relative 
spectral response employing a quartz iodine standard 
lamp (EG and G #B115A) 
RESULTS 
Appearance of the chemiluminescent spectra 
The chemiluminescence from the gas phase reactions 




B(2P) + isr,o — Bo* (A 211) + ri,( 1 y;) 	 (2) 
has been monitored under both single and multiple col- , 
 lision conditions over the wavelength range 3000-5000 A. 
Figures 1 and 2 depict representative scans of the 
emission which results from the boron-oxygen reaction 
under single and multiple collision conditions, respec-
tively. The experimental spectrum in Fig. 1 was taken 
at a pressure of 2X 10 -4 Torr, while the multiple colli-
sion spectrum in Fig. 2 was taken at a total pressure 
(primarily argon) of 1 Torr (30 p. oxidant). Each spec-
trum is comprised of red-degraded bands correspond-
ing to the B04` A 211 -X 22; + system and differing sequence 
groupings - 1 Av 5 under single collision conditions 
and - 2 Az.) 2 under multiple collision conditions. 
(The notation Av =v' - v" pertains to transitions con-
necting vibrational levels v' of A 211 and v", of X 2E * . ) 
Figures 3 and 4 correspond to the emission which re-
sults from the boron-nitrous oxide reaction. The ex-
perimental spectrum in 	3 was taken at a pressure 
of 2 x10 -4 Torr, while the multiple collision spectrum 
in Fig. 4 was taken at a total pressure of 0.8 Torr 
(primarily argon with 35 p. of oxidant). The observed 
sequence groupings correspond to 0 Av :5_ 9 for both 
FIG. 2. Emission spectrum obtained 
under multiple collision conditions 
from the reaction B+ + A r — BO* 
+02 +A r (P totai =1 Torr, Pox i dan t 
30 /.1).% Bandheads in the BO 
A 2 11-X 2 E + band system are denoted 
(v ' , v "). The lower trace corre-
sponds to the experimental spectrum 
while the upper trace is a computer 
simulation. The apparent sharp in-
crease of the (0,0) 1 / 2 band in the 
experimental spectrum is an arti-
fact, the actual BO feature corre-
sponding to a shoulder. Spectral 
resolution is 2 A; scan speed is 
2 A/s. See the text for discussion. 
B +14,0 - BO- N. 
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FIG. 3. Chemiluminescent spectrum ob-
tained under single collision conditions 
from the reaction B+N 20— BOt+ N2 . 
Bandheads in the BO A 2 11 -X ZE* band sys-
tem are denoted (v ',v "). The lower 
trace corresponds to the experimental 
spectrum while the upper trace is a com-
puter simulation. Note the deviations ob-
served in the neighborhood of the (4,0) 
and (1, 0) bands. The deviation in the vi-
cinity of the (1,0) band is due to the (4,2) 
emission band. Spectral resolution is 
2 A; scan speed is 1 A/s. See the text 
for discussion. 
4320 3960 3600A 
single and multiple collision scans. The experimental 
spectra presented in Figs. 1--4 were taken at a resolu-
tion of 2 A and scan speeds of 1 (Figs. 3 and 4) or 2 
(Figs. 1 and 2) A/s. The spectra were assigned by 
comparison with previously reported data. 13.14.19 
Vibrational populations and rotational temperatures for 
BO A 2 11 
In each of the Figs. 1 to 4, the experimental spectra 
are compared to computer synthesized spectra calculated 
with the aid of Franck-Condon factors 2° and RKR curves 21 
 generated using available high resolution data.13(c) ' 19(a), (4)  
The computer simulation assumes no level perturbations 
or excited state-ground state interactions. The com-
parison of experimental and calculated spectra thus al-
lows the rapid assessment of strong A 211 perturbations. 
Upon analysis of the single collision spectra in Figs. 1 
and 3, it became apparent that the (4, 0) band was mani-
fest by an unusual intensity distribution not character-
istic of other bands emanating from levels other than  
v' =4. It is these sharp deviant features [three peaks 
superimposed on the (4, 0) band in Figs. 1 and 3] which 
will be the focus of the following discussion. 
Taking into account the maximum temperature of the 
boron metal undergoing reaction (see following discus-
sion) and all other factors in addition to reaction ex-
oergicity which contribute to the available energy for 
formation of BO product, the boron-oxygen reaction 
would be expected to result in the population of four vi-
brational levels in the A 211 state. The much more exo-
thermic B-N 2 0 reaction could lead to the population of 
more than 30 vibrational levels; however, it is unlikely 
that emission from all these levels will be observed. 
The relative intensities I,/ 	of vibronic transitions 
(v', v") in emission are related to the excited state 
populations N,,. by 
=N 	(v) v 4 q v. 	R:(7v, ,„..) 
	
(3) 
where 4(v) is a proportionality constant defined to in- 
FIG. 4. Emission spectrum obtained 
under multiple collision conditions 
from the reaction B+N20+Ar 
BO* + N2 + A r (P.1.,, t, =800 , 
Poxidaat= 35 	Bandheads in the 
BO A 2 11 -X 2 E* band system are de- 
noted (v', v 1 '). The lower trace cor-
responds to the experimental spec-
trum while the upper trace is a com- 
puter simulation. Spectral resolution 
16v- 	is 2 A; scan speed is 1 A/s. See the 





J. Chem. Phys., Vol. 73, No. 10,15 November 1980 
3600X 
• * multiple collision 
0 single collision 
A. W. Harmer and J. L. Gole: V-E transfer in boron oxide 
	 5029 
dude the variation of instrumental (spectrometer and 
photomultiplier tube) response with frequency; (7,, 
and 	are, retm ,cUvc , 
for and r centroid Lit; 	L; 
tronic transition moment 11,(r o., o..) is written as an ex-
plicit function of the r centroid in accordance with the 
Fraser approximation. 22 This information is incorpo-
rated into a computer program to calculate the spec-
trum corresponding to a 211(a) - 2E ♦  transition. 23 Once 
a fit is made to a given spectrum as in Figs. 1-4, a 
rotational temperature is determined for each individual 
rotational band and relative vibrational level populations 
are evaluated. For those spectra obtained at the lowest 
pressures where only nascent product formation is 
monitored, the rotational temperature of each vibra-
tional band can differ 24 ; however, at higher pressures 
rotational distributions are found to equilibrate rapidly 
and the entire spectrum is characterized by one rota-
tional temperature. 1(c), 12 
The computer calculation of the BOA 211-X 2E* emis-
sion spectrum at first was carried out assuming a con-
stant electronic transition moment for all levels of 
A 211. In fitting the experimental spectra in Figs.' 1-4, 
it soon became apparent that the transition moments for 
the A 211 11 2 —X 2E + and A 211 3 , 2-X 2E+ transitions differed, 
the 2 113/2 emission being more intense. Under single 
collision conditions (Figs. 1 and 3) the ratio 211 312/ 211 1 / 2 
 was found to be - 1. 2 whereas under multiple collision 
conditions (Figs. 2 and-4) the ratio 211 3 / 2/ 211 1/ 2 was found 
to be - 1.6. The quoted ratios represent an average 
over the v' levels from which emission is observed. 25 
 The apparent behavior might result from preferential 
B + 02 
	 qq 
0 1 2 3 d 
VIBRATIONAL LEVEL 
FIG. 5. BO* A 2 11 vibrational populations (N o ,) recorded for 
single (0) and multiple (*) collision conditions corresponding to 
the processes B + 02 — BO* + 0 and B + 02 +A r—BO* +0 +A r, re-
spectively. Relative populations are determined on the basis of 
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FIG. 6. BO* A 2 I-1 vibrational populations (N o .) recorded for 
single (0) and multiple (*) collision conditions corresponding to 
the processes B + N20— BO* + N2 and B + N2 0 +A r— BO* + N2 + A r, 
respectively. Relative populations are determined on the basis 
of the computer simulations in Figs. 3 and 4. See the text for 
discussion. 
population of 211 3/ 2 versus 211 1/2 levels; however, there 
are no symmetry constraints which would indicate this 
possibility for either the B-02 or B-N20 reactions. In 
addition, it is difficult to believe that a substantial 
change in preferential component population will occur 
as a function of the pressures considered here. Of 
more importance would appear to be the correlation of 
the present results with those of Huie et al. 14 Using a 
nitrogen pumped dye laser of bandwidth -16 cm -1 , these 
authors investigated the pressure dependence for the 
radiative decay of BO(A 211) at 384 and 436 nm. From 
Figs. 1-4 it is clear that the fluorescence excitation 
region corresponds to the (2, 0) and (1, 1) bands of the 
a system. Closer inspection reveals that the 2 113/2 com-
ponent (A 2 11 3/2 -X 2 E' transition) should be preferentially 
pumped. Huie et al. observed "strong fluorescence 
which decayed much more rapidly at higher pressures." 
From their data (Fig, 1, Ref. 14) we predict the 
pressure dependence observed in our experiments for 
the ratio of 211 3 / 2/211 1/ 2 emission, i.e., there appears to 
be a one-to-one correspondence between the component 
ratio and their determined change in the 211 3 / 2 radiative 
lifetime as a function of pressure. This result will be 
considered further in a later section. 
In Figs. 5 and 6, we compare A 2II vibrational popula-
tions determined under single and multiple collision con-
ditions from the computer simulations in Figs. 1-4. 
The 211 1/ 2 and 2 11 3 j 2 components are treated separately. 
The population distributions observed for both the B-0 2 
 and B -N20 metatheses are distinctly non - Boltzmann for
both single and multiple collision studies. 
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FIG. 7. Potential curves calculated for X 2 E + and A 2 rl i states 
using data in Table I. For the scale of this figure, the A 211 3/2 
and A 2 11 1 / 2 states are virtually coincidental. Levels of X 2 E' 
(v "=17-20) are denoted by solid lines. Levels of A 2 n (v ' =4-8) 
are denoted by dashed lines. See the text for discussion. 
2111/2 components differ for both the B-0 2 and B-N20 
systems. For B-0 2 (Fig. 5), the apparent decrease 
in the 2 E1 1 1 2 component population (versus 2 113/2 ) for 
v' = 1 versus v' = 0 may correspond to an effective 
lower transition moment resulting from significant 
211 1/2-X 2V mixing (see also following discussions). 25 
 The relative population of v' =4, A 211 1/2 definitely ex-
ceeds that for the corresponding 3/2 component, the 
noted population N i,..312(4) representing a stringent upper 
bound. Under multiple collision conditions, we observe 
only weak emission from v' =3 and no emission from 
v' =4 or 5. The differences in the single and multiple 
collision spectra can be accounted for if we realize that 
boron atom collisional thermalization, to much lower 
temperatures, takes place at the higher pressures cor-
responding to boron entrainment (see discussion). Con-
sidering the effects of boron thermalization and com-
paring the single and multiple collision populations for 
levels v' = 0-3, it appears that vibrational relaxation is 
minimal under the multiple collision conditions charac-
terizing the present B-0 2 experiments. 
In Fig. 6. we depict the population distributions for 
the first ten (v' =0-9) levels of BOA 2P even though the 
B-N20 reaction might populate in excess of 30 A 211 vi-
brational levels. We have searched for bands corre- 
sponding to higher levels, finding, at best, meager evi-
dence for emission from v' =10, 11, and 12. The RKR 
potential curves depicted in Fig. 7 demonstrate that 
A 211 levels v' > 8 may be expected to display an inter-
esting behavior. The v' =8 level is at an energy corre-
lating closely with a curve crossing at the outer turning 
points of the A 211 1/ 2 , 3/ 2 components and the X 2E + state. 
The nature of this curve crossing may influence the 
population of the v' =8 level and might account for the 
cutoff of emission after v' =9. The populations indicated 
for v' =6, 7, and 8 in the multiple collision scans repre-
sent average values determined by combining the various 
Av transitions emanating from v' = 6, 7, and 8. The be-
havior of emission from these levels appears to be 
slightly anomalous. A good example is obtained through 
comparison d the (8, 0) and (8, 1) bands in Fig. 4. A 
reasonable fit of the (8, 1) band requires an overestimate 
of the experimental intensity characterizing the (8, 0) 
band. This behavior would seem to indicate that Franck-
Condon factors derived for the A -X transition for levels 
in the region of the A 211-X 2Z • crossing may not be ap-
propriate. The vibrational levels v' 6 are the subject 
of continuing studies in our laboratory. If we compare 
the single and multiple collision spectra for v' 3  5, there 
appears to be evidence for slight vibrational relaxation 
to v' = 5 from vibrational levels v' .a• 6. 
Focusing on the lower vibrational levels of the A 211 
state, we find that the B—N 20 system also appears to be 
characterized by a decrease in the A 2111,2 population for 
v' = 1 versus v' = 0 (compare to A 2 113/2 distribution). Hence 
both the B-0 2 and B-N20 reactions may be characterized 
by this difference in the 2 11 3/2 and 2 11 1/2 component popu-
lation distributions. The v' = 0 and 4 levels dominate 
the population distributions for both A 2 11 1/2 and A 2113/2 
under single collision conditions. This dominance con-
tinues for the A 2 11 1/2 component under multiple collision _ 
conditions, the seemingly deviant behavior of the v' = 4 
level being most pronounced for the single collision 
A 2 11 1/2 populations. It is this fourth vibrational level 
which will be the subject of a more complete discussion 
in a following section. 
The rotational temperature distributions which char-
acterize the single collision B-0 2 and B-N20 reaction 
are indicated in Fig. 8. The rotational temperatures 
as a function of vibrational level show no definite pat-
tern. For the boron-N 20 reaction, the rotational tem-
perature peaks at 8000± 300 K for v' = 3, leveling off to 
a rotational temperature of 7000± 300 K for v'? .- 5. For 
the boron-02 reaction, rotational temperatures decrease 
almost monotonically from a maximum of 3000± 100 K 
for v' =0 to 1800± 200 K for v' = 5. The nature of these 
nonequilibrium distributions will be considered in fol-
lowing discussion. The multiple collision B-02 and 
B-N20 reactions are both characterized by BO product 
rotational temperatures T rot = 600± 50 K for all vibra- . 
tional levels observed. 
Nature of emission features observed in the region of 
the BO A 2 I1-X 2 E+ (4,0) band-evidence for ultrafast 
V-E 
As we have noted in previous discussion, the single 
collision BOA 211 1/ 2 -X 2E + emission spectra observed 
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FIG. 8. BO* A 2 11 rotational temperatures determined for vi-
brational levels populated in the single collision B +02 — B0*+0 
and B+N20— BO* +N2 reactions. Rotational temperatures were 
deduced from the computer simulations in Figs. 1 and 3. See 
the text for discussion. 
for the B-02 and B-N20 reactions (Figs. 1 and 3) are 
characterized by an unusual group of peaks in the re-
gion corresponding to the (4, 0) band. In this section, 
we will discuss the characterization of these features, 
the nature of their pressure and temperature dependence, 
and the evidence that they result from a rapid V -E ener-
gy transfer and strong interaction among the levels 
BO [X 2E + , v" =17, Ka 19-22) -- BO (A 21-I, v' = 4, J-= 18. 5- 
21. 5]. 
1 	2 	3 
PRESSURE (.104 torr) 
FIG, 9. Relative chemiluminescent intensity as a function of 
oxygen pressure for the three sharp fluorescence features ob-
served in the region of the BOA 2 11—X 2 E' (4,0) band (Fig. 1). 
See the text for discussion. 
1 	2 	3 
PRESSURE ('1et.) 
FIG. 10. Relative chemiluminescent intensity as a function of 
oxygen pressure for the two components of the BOA 2 11 —X 2 Z +  
(3, 0) band (Fig. 1). See the text for discussion. 
Pressure dependence of chemiluminescence spectra 
Several oxidant pressure dependence scans were re-
corded for the BO emission spectra presented in Figs. 
1 and 3. In all cases, the variation of chemiluminescent 
intensity with oxidant pressure was found to display the 
characteristics of a metathesis first order in oxidant. 
Examples of this behavior for the B-0 2 reaction are 
presented in Figs. 9 and 10. - Here the regions corre-
sponding to the (3, 0) and (4, 0) BOA 2II-X 2E + emission 
bands are considered. The data points presented in 
Figs. 9 and 10 were taken as a function of both increas-
ing and decreasing oxidant pressure; hence, there are 
approximately two data points at each of the pressures 
measured. The onset of the chemiluminescent intensity 
is linear in all cases. 26 This demonstrates that the 02 
 metathesis is first order with respect to the oxidant and 
that the emission process is intramolecular and not col-
lision induced. 27 At higher pressures, the data in 
Figs. 9 and 10 show a negative curvature. This behav-
ior is due to the attenuation of the metal beam before it 
reaches the zone viewed by the spectrometer. The na-
ture of this attenuation can be correlated with the total 
phenomenological cross section (elastic + inelastic 
+ reactive) for metal beam removal. 26 In Fig. 9, the 
three pressure dependence plots correspond to the three 
sharp peaks in the neighborhood of the BOA 2n —X 2E 
(4, 0) emission band. The plots actually damp out the 
precise behavior of the pressure dependence which char-
acterizes these sharp features. In Fig. 11, we display 
the nature of typical spectra (oven temp 2300 K) in 
the region of the A -X (3, 0) and (4,0) bands taken at 
pressures of 0.2, 0.5, and 5x 10 -4 Torr. Inspection of 
this figure reveals that the ratio of intensity in the (4, 0) 
region increases relative to that in the (3, 0) region, the 
more marked change occurring in the pressure range 
0.5 to 5x 10-4 Torr. This relative increase in the re-
gion of the (4, 0) band is manifest almost entirely by the 
three peaks now apparent in Figs. 11(c) and I. The ef-
fects of this increase are not apparent in Fig. 9 because 
metal beam attenuation is already strongly manifest at 
pressures in excess of lx 10 -4 Torr. 26 Similar behavior 
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FIG. 11. Chemiluminescent spectrum 
for the reaction B +0 2 — B0*+0 as 
a function of pressure showing the 
onset of three peaks in the region of 
the BO A 2 n —X 2 E' (4,0) band. These 
peaks result from the rapid 1,1--E 
energy transfer BO X 2Z + " =17) 
+02 — BOA 2 n (v = 4). See the text 
for discussion. 
is observed in the spectrum characterizing the B -N 20 
reaction (Fig. 3) and in the spectrum which results from 
the B-NO 2 metathesis. 12 
Sharp features observed in the region of the (4,0) band 
Because of their strong pressure dependence, the 
triplicate of features observed in the region of the BO 
A 211 -X 22-, (4, 0) band would appear to result from a pro- 
cess involving collision induced energy transfer. Based 
upon recent experience with rapid E -E transfer, 1 we 
investigated the possibility of collision induced intra-
molecular transfer to BOA 2II, v' =4 from a long-lived 
low-lying electronic state corresponding to the nascent 
product formed in the B-02 or B-N20 reactions. No 
evidence could be found 28 for a long-lived "reservoir 
state" which could possibly interact strongly with BO 
A 211, v' =4; however, it soon became apparent that a 
near coincidence could be found between the v" = 17 level 
of the ground X 2E+ state and BOA ally 2, v' =4. Further 
investigation reveals that Jenkins and McKellar 13(b) long 
ago documented strong perturbations between rovibronic 
levels of the ground X 2Z` state and BOA 2'11 1/ 2 , 	= 4. 
Hence, it would appear that we are observing a rapid 
V-E intramolecular energy transfer between strongly 
perturbed and interacting levels of the A 2 f1 1 , 2 components 
and the X 2E1 /2 state. 
Considering the nature of the potential curves in Fig. 
7 and comparing to previous studies on A10 and Se°, 1 
 it appears that we have observed the result (Figs. 1 
and 3) of a sequence which involves the initial reaction 
steps 
Bei:9 + 02( 3E;)- B 0(X 2E) + 0(3P) , 	 (4) 
B(2P) +N20( 1E +) — BO(X 2E +)+N2 (1EP 	 (5) 
followed by collision induced transition to the A 2 11 state: 
B0(X 2 E +, v" =17)+02 —B0(A 	 ( 6 ) 211 1/ 21 V 1 = 4 ) + 02 
110(X 2E 4, v" = 17) + N20-- BO(A n 2- 1/ 2, v i = 4) + N20 . 	(7) 
The collision induced population of BOA 20 1 , 2, e= 4 
imst be combined with the direct Reactions (1) and (2) to 
produce the emission observed from BOA all. Only in 
this way can the sharp differences between the simulated 
ki,I ■1 observed spectra in Figs. 1 and 3 be accounted for 
in a reasonable manner. 
The substantial rate which must characterize the ener-
gy transfer observed in the present study is not unprec-
edented for processes occurring among excited and 
strongly interacting states in high temperature mole-
cules. 1 Although previous investigations of rapid intra-
molecular E -E transfer revealed perturbations which 
were found to affect a significant range of rotational lev-
els leading to the observance of "satellite bands, " the 
sharp nature of the features observed in the current study 
indicates the interaction of only a few rotational levels 
in the A 2 11 I/ z and X 2E1, 2 states. 29 In the presence of in-
tramolecular perturbations, neither the A 211 1 / 2 nor the 
xt+ state from which energy transfer occurs may be 
considered as pure states. Rovibronic levels of the . 
X 2E. state contain a small admixture of A 211 character. 
Transitions from these "reservoir" levels, from which 
emission is forbidden or very weak in the absence of 
perturbations, may "borrow intensity" from the ALLY 
spectrum and become allowed. 30 Hence, we proceeded 
under the assumption that at least one of the triplicate 
of bands observed must correspond to emission from a 
strongly mixed v" =17 level. 
Nature of A 2 fl perturbations 
The "strength" of perturbations (w) between the A all 
and X 2E. states will depend on the nature of the A -X 
interaction (typically spin orbit or Coriolis) and the en-
ergy separation of unperturbed states (6). The eigen-
functions (0) of the perturbed levels are" 
= 	- d02 	 (8) 
= &Pi + czY 2  
The subscripts denoted 1, 2 and ± pertain to unperturbed 
and perturbed levels, respectively, 	corresponding to 
the perturbed A state and zp.. to the perturbed X state. 
The final separation between perturbed levels can be 
correlated with the perturbation (w) and the original en-
ergy separation (6) as 
AV = (4W2 + 62) 112 . 	 (9) 
In direct analogy to previous observations in A10, 1" (1)) 
spin-orbit coupling of the A 20 5/ 2 and 3C 277, + states is ex-
pected LC) dominate the observed interactions. Consider-
ing the spin-orbit interaction, we must evaluate the per-
turbation matrix element 
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(10) 	TABLE I. Spectral parameters relating A 2 11 and X 2 .E* states 
of boron monoxide. a 
w =)11 11a°' IP) • 
In exact analogy to A10, 1(a), (b) noting that the electron 
configurations for the X 2 F.. :end A all - 4 • 	:tre 
- • • (4v) 2 (10 4 (5a) X 22;` 	 (11) 
and 
• • • (4cr) 2(10 3 (50-) 2 A 2 E1 , 	 (12) 
respectively, we arrive at a final expression of the form 
w =I (I,' v")( - 1,1 E, 	4105) , 
where the subscripts 1 and 5 pertain to one electron 
molecular orbitals lr and 5cr, respectively; the numer-
als 0 and ± 1 identify the z component of an electron 
orbital angular momentum, and the sum is over nuclei 
k; 1; is an angular momentum lowering operator and 
Ek (rk) is the spin-orbit constant proportional to the in-
verse cube distance between the electron i considered 
and the nucleus k. In the above expression (13), (WI v") 
corresponds to a vibrational overlap factor. 
A complete evaluation of w requires some knowledge 
of the molecular orbitals I - 1 1) = lir and I 05) = 5cr. The 
presence of E k(rk)- 43 insures that only one center in-
tegrals will make a significant contribution to Eq. (13). 
It does not appear that extensive quantum calculations 
describing the A 211 state of BO are readily available. 
Therefore, we have compared calculations by Schamps 31 
 on A10 and Guest and Saunders32 on BO in order to esti-
mate the magnitude of the matrix element w. Consider-
ing the atomic orbital makeup of the 17r and 5cr orbitals 
which are centered more on boron than the correspond-
ing 2r and 7a orbitals in A10 1 ' 31 ' 32 and the slightly in-
creased ionic character of A10 versus BO, 431' 32 we es-
timate 
urz- 20(v' 1  v") cm+1 . 	 (14) 
Assignment of strongly interacting levels 
Collisions with 02 or N20 may be viewed as time de-
pendent perturbations which cause transitions between 
the spin-orbit perturbed states 
I +) = c IA 2111/2,) I  v') 	-dIX2Z+) v") 
and 	 (16) 
=d IA 2111/2) I v') I 	+ c I X 2E 4) v") I J) 
of B0. 33 The selection rule is 6J=0 34 and the perturbing 
Hamiltonian is the time dependent (by virtue of the mo-
tion) intermolecular potential between either 0 2 or N20 
and BO. For a particular trajectory, the rate constant 
Kx_A is proportional to the squared matrix elements of 
the amplitude V of this interaction 35 
Kx-Aal( -FIVI -)1 2 • 	 (17) 
Based upon these considerations and the expected 
"intensity borrowing" (Sec. II) upon mixing of BO 
A 211 1 1 2, v' =4 and BO X 2E + , v" =17, we attempted to 
correlate the sharp spectral features in Figs. 1 and 3 
with transfer among particular rotational levels, re-
quiring that the &J. 0 selection rule be satisfied. 
Bcrreetive (L, = 4)  . 1. 3377 cln' t b 
(4, 0) A 2 11 1 / 2-X 2 z* 	 Br (v"=0)= 1.7737 cni l 
we = 1260. '70, weace = 11.16 	v 0 =28466.1 cm-I 
Ground state 	 B," (v- =17). 1. 4915c 
we" = 1885.69, wexe" = 11.81 	(v = = 1.7737 
vo(v = 17— v = 0)= 28442.8 cm-I 
aData used taken from Refs. 13(c), 19(a), and 19(d). 
b Efe =1.4132, o e =1.96x 10-2 cm-I , A = – 122.36. Evaluation of 
B effective based on Ref. 30. 
.13," = 1.7820 and (Y e = I. 66 x 10-2 cm-I . 
We first considered the rotational branch structure 
for the A 211-X 2E' (4,0) band. The separation between 
the 2 11 1/2 and 211 3/2 subbands is - 125 cm -1 , indicating 
that the 211 state follows Hund's case (a) coupling. For 
a 2 11 i (a)- 2 E + transition each subband is expected to con-
sist of six branches, those for 211 1/2 being P2(J), Q2(J), 
R 2 (J), P21(J)- Q2(J - 1), Q2101 R2(J — 1), and R 21(ti) . 31"6 
 For a molecule which closely follows Hund's case (a) 
coupling, the R 21 (J) branch is expected to be reasonably 
strong; however, as the molecule tends to case (b) (higher 
rotational quantum number) this satellite branch is ex-
pected to weaken considerably. Therefore, the nature 
of the branch structure for the 211 1/2 component dictates 
that a strong interaction and energy transfer involving 
a few rotational levels should be manifest by three domi-
nant features for R2(J), P2(J), and Q2(J) and a weaker 
feature for R 21 (J). 
Similar considerations can be applied to the v" =17 
level of the X 2E + state as it borrows intensity from 
A 211 1 / 2 for those few rotational levels which interact 
strongly. The weak transition X 2V, v" =17- X 2E`, 
v" =0 will be observed at energies corresponding to the 
levels of X 2E + which interact strongly with A 2II. Be-
cause of the mixing with A 211, we expect features cor-
responding to P, Q, and R branches dictated by the ap-
propriate selection rules. 
In summary, the mixing and energy transfer among 
certain rotational levels BOA 211 1 / 2, v' =4, J' and BO, 
X 2Z11 2, v"=17, K" is expected to produce six relative-
ly strong peaks and one weak feature. In our attempts 
to fit these peaks, we take advantage of high resolution 
data on the A 211 and X 2Z + states of BO to determine the 
parameters given in Table I. 
Clearly, the three peaks observed in Figs. 1 and 3 do 
not account completely for the expected structure in the 
region of the (4, 0) band. Slower 0.2 A/s scans (resolu-
tion = 2 A) of the 3510-3560 A region are presented in Fig. 
12. These spectra result from the B-0 2 reaction. We 
observe four pronounced peaks and one and possibly two 
weaker features merging to three strong features at 
higher temperature. These features are cataloged in 
Table II. Outstanding signal to noise is precluded since 
there is underlying structure resulting from both the 
A 2I1 312-X 2E +  and A 2111/2- -X 2E' transitions for those 
(13) 
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FIG. 12. Slow scan (0.2 A./s) of features which are attributed 
to energy transfer effects in the region of the BO* A -X (4,0) 
band. The features P2, Q2, and R2 are associated with 
BO A.2 111/2 v = 4, the labels corresponding to branches of an 
A  2 1-11/24( L transition. The features P', Q', and R' are as- 
sociated with BOX 2 E + , v " =17, the labels corresponding to 
branches of a II-E transition. See the text for discussion. 
molecules formed directly in the A 211 state via Reaction 
(1). Nevertheless, an assignment of the observed spec-
tral features is possible. Using the data in Table I, we 
attempted to calculate the frequencies corresponding to 
the maxima in Fig. 12(a) searching for both a close fre-
quency fit and the necessary satisfaction of perturbation 
selection rules. Our final results are given in column 
3 of Table II. These calculated frequencies correspond 
closely to the maxima observed for the features in Fig. 
12(a). In order to obtain this close agreement, we first 
determined that the broad maxima for two of the more 
intense features P2(J) and R 2 (J) could be fit assuming an 
emission emanating from A 21-1 1/ 2, v' = 4, J' sz 19. 5 -20. 5. 
Although more difficult to assess directly, this assign-
ment was also consistent with a weaker feature Q 2 (J) 
which is also associated with the A 2I1 2-X 2E.  (4, 0) 
band. Note that for an inverted A 211 state, the level 
J' =19.5 corresponds to K' = 20. Significantly, the maxi-
ma of the remaining two well developed features (P', Q') 
were well fit, assuming that they were associated with 
emission from v" 17, J =19.5. The correspondence 
is in striking agreement with the AJ--- 0 selected rule 
which must be satisfied for A 211 it 2—X 2E + perturbations. 
On this basis it appears that the sharp spectral features 
observed in Figs. 1, 3, and 12 should be associated with 
the process 
BO(X 2E*, v" = 17, K" z 19 -22) BO(A 211 1 , 2, v' =4, 
J' f-r. 18. 5-21. 5) . 	 (18) 
Further indication of the feasibility of the proposed 
energy transfer may be garnered from a consideration 
of the single (Fig. 8) and multiple collision temperatures 
deduced in the region of the (4, 0) band. The tempera- 
tures are approximately 2000 K for B-0 2 and '7000 K for 
B-N20 under single collision conditions. If we assume 
that these temperatures reflect the temperatures of ground 
state vibrational levels isoergic with the (4, 0) band, us-
ing the data in Table I (B,.. 17), we consider the rota-
tional population distribution and determine 14, 1a. 21 
at 2000 K and Kr,'„7.-, 40 at 7000 K." At 600 K, the tem-
perature characterizing the multiple collision scans 
Km"ax should be approximately 12. These values of ICL'a ,, 
are consistent with both the single and multiple colli-
sion features characterizing the region of the (4, 0) band. 
If Ic"ax f-: 21 for the B-0 2 system, this will facilitate 
ready observation of the collisional transfer which must 
be induced by a long range BO-O 2 interaction. The 
B-N20 system, while being characterized by a much 
higher Km„, should still possess substantial population 
in levels K" 19-22. 
8+ 1112 0-Single vs multiple collision spectra: The (4,0) 
band 
The population of vibrational levels in excess of BO 
A 211, v' =3 taxes the exothermicity of the B-0 2 reaction 
whereas such levels are energetically easily accessible 
to the much more exothermic B-N 20 reaction. If we 
consider the extension of our single collision studies 
to multiple collision conditions, rotational relaxation 
is expected to quickly delete the possibility of substan-
tial V -E collisional energy transfer in the B-0 2 sys-
tem." However, in extending the B-N 20 system to 
higher pressure, rotational relaxation can provide a , 
source of molecules in the appropriate ground state lev-
els (relaxation from K„,"ax 7.-  40 to K" 21). In this sense 
it is appropriate to consider the expression obtained 
upon substitution of the basis functions (16) into the rate 
expression (17): 
c.2 (J'Rvi IA 2n 1 v xzz' I v")1J) 
--d a(J' (v" xzEl VIA 2r1 Ohl) 
TABLE II. 	Spectral features characterizing the rapid energy transfer B0( 2 .E ., v 
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FIG. 13. Scan of emission spectrum for the multiple collision 
reaction B+N20+Ar— B0*+N2 + A r in the region of the 
BOA 2 TT —X 2 + (4,0) band. Emission from both the A 2 11 3 / 2 and 
A 2 11 1 1 2 components is shown. See the text for discussions. 
+ cd((J' I (111(A 'll I vIA zll I v')1.1) 
- (Ji I (v" I (x 2  I VIX 2Z+ I v") 14) • 	 (19) 
The terms in braces are off diagonal in J only and con-
sequently represent R -R processes within the manifolds 
IA 211) I v') and I X 2V) I v u ). The remaining matrix ele-
ments are off diagonal in all three variables and corre-
spond to electronic quenching processes, all of which 
are expected to be relatively slow. 
The expression (19) demonstrates the close correlation 
between the V -E collisional transfer process and ex-
pected rotational relaxation in the A 2n and X 2E` mani-
folds. At low pressure, the potential V inducing relaxa-
tion will be dictated by the nature of 0 2-B0 or N20-B0 
interactions. 38 As the argon pressure is increased, 
however, a strong component of the potential should re-
sult from the dipole-induced dipole interaction between 
BO and argon." 
In Fig. 13, we depict a slow scan (0.2 A/s) of the 
BOA 211-X 2 E + (4, 0) band observed under multiple colli-
sion conditions. This spectrum, which results from 
the B-N20 metathesis, is not characterized by the trip-
let of distinct features observed under single collision 
conditions. Rather, we observe two sharp bands cor-
responding to emission from the 211 1/2 and 211312  compo- 
nents. The (4, 0) band does, however, display an anoma-
lous behavior when compared to the other features (Fig. 
4) observed under multiple collision conditions. As 
noted previously, the 211 3/2 and 211 1/2 emission intensi-
ties and hence transition moments appear to differ, the 
ratio varying from - 1.2 to - 1.6 as the background pres-
sure is raised from 10 -1 to 1 Torr. Under multiple col-
lision conditions, with one exception, the 2113, 2/ 2111/2 
ratio is close to 1.6, varying from 1.56 to 1.63 for the 
t/' =0-3, 5-9 emission features. In sharp contrast, the 
211 3 / 2/211 1 / 2 ratio is 1.44 for the (4, 0) band. Indeed, 
Fig. 6 demonstrates that the 2II 1/ 2 population distribution 
goes through a maximum at v' =4. The most logical ex-
planation for this deviation is again collision induced en-
ergy transfer via the process (7). The fact that t' . 43 
is no evidence for the triplicate of features obsen 	at 
10-1 Torr can be explained through a simple segue , e 
invoking rotational relaxation. Consider the transfer 
process (7) followed by 
BO(A 2n , z' =4, J' = 18.5-21.5) + Ar BO(A 217, v' =4, 
J' - randomized) + Ar . 	 (20) 
A collision, even at long range, 1(c)  between Ar and BO 
will liberate sufficient energy (K7', 00 ,= 208 cm 1)  so as 
to randomize the rotational distribution resulting from 
the original BO X - A energy transfer. 
Temperature dependence of chemilumescent emission 
We have considered the temperature dependence for 
the chemiluminescent emission from the single collision 
B-02 and B-N20 reactions. The focus of these studies 
has been primarily the region of the (3, 0) and (4, 0) A 211 
emission bands. The extensive calibration procedures 
used in previous studies 40 ' 41 were not employed here 
since we wished only to establish reaction of ground 
state B( 2P) atoms42 generated via either vaporization 
or sublimation. Further, more refined studies will 
represent a future effort in our laboratory. A represen-
tative example of data from the current temperature de-
pendent studies is presented in Fig. 14. In the figure, 
4.2 	4.4 	4.6 
1/.1. x 10 4 
FIG. 14. Temperature dependence for the reaction 
B +02 — B0*+0. Logarithm of relative chemiluminescent 
intensity versus the reciprocal of the boron source temperature 
at the orifice of the source for several features in the region of 
the BO A 2 11 —X 2 Z + (3,0) and (4,0) bands. The horizontal dashes 
preceding the label legends indicate the zero lines for the re-
spective plots. Note the correspondence with Fig. 9 and 10. 
See the text for discussion. 
4.8 
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TABLE III. Slope heats for boron atom production 
(Fig. 14). a 
Feature monitored WA)] 
eubl imatim 
(upper bound—kcal/mol) t 
3521 A (4,0) e 143.8+7.0 
3532 A (4,0) C 149.1 ± 7.9 
3551 A (4, 0)° 140.4+4.6 
(3, 0)1/2d 139.4+11.1 
C1)3/2 d 138.3+7.6 
'Data obtained from B +0,— B0* +0. 
tRigorous upper bound to 	 determined from 
addition of slope heat determined from Fig. 4 added 
to RT B over the temperature range  of the experi-
ment-see text for discussion. 
`BO A 2 0—x- 2 E" emission feature resulting from rapid 
energy transfer. 
d BO A 2 11-X 2 E' emission features corresponding to 
f2= 3/2 and 1/2 components of A 2 R state. 
we plot log/ versus 1/T5 , where I is the chemilumi-
nescent intensity and T B is tne beam (crucible) tempera-
ture. The data was collected in the region of the (3, 0) 
and (4, 0) bands at the wavelengths indicated in the fig-
ure. There is a direct correlation between Fig. 14 and 
Figs. 9 and 10. The slope and linearity of the plots in 
Fig. 14 indicates that the reactions are first order in 
boron flux. Recently, a relation between the tempera-
ture dependence of the chemiluminescent intensity and 
the parameters of a beam-gas experiment has been 
formulated. 4° It is 
d(lnI) 	 d(1/T e,) 






where EA is the Arrhenius activation energy for the for-
mation of the product whose chemiluminescence is moni-
tored, Ail is the enthalpy of sublimation or vaporization 
for the metal atom reacting to produce the observed 
chemiluminescence, and 
f (in n T G -1-ilI G TB)/(m G +mB) , 	 (22) 
where T G is the temperature of the gas 02 or N 20, and 
In8 and in G are the masses of the beam atoms and gas 
molecules, respectively. Equation (21) may take into 
account the effect of low-lying electronic states, I6(a ) 
but generally considers the reaction of only ground state 
metal atoms. It may also take into account the reaction 
of dimers. An analysis of the slopes in Fig. 14 yields 
the data presented in Table III. If we consider that the 
lowest excited state of the boron atom B 4P lies - 29 000 
cm -1 (83 kcal/mol) 42 above the ground state and that the 
B 2 dissociation energy is 67 kcal/mol, 43 the data in Ta-
ble HI indicate that we have observed the reaction of 
gaseous boron atoms sublimed from the solid. The heat 
of sublimation across the temperature range of the ex-
periment varies from 134.8 to 134.0 kcal/mol. 
DISCUSSION 
Further chdra,;nrization of rap i.:1 	E tr?risfer 
Throughout our previous discussion we have contrasted 
spectra observed for the B-0 2 and B-N20 reactions un- 
der single [(0. 6-12) x 10 -4 Torr] and multiple (1-2 Torr) 
collision conditions. The term single collision is slight-
ly misleading in the present study since we have observed 
rapid V -E collisional transfer at pressures as low as 
6x 10 -5 Torr; however, the majority of the emission 
which is depicted in Figs. 1 and 3 results from the di-
rect Reactions (1) and (2), i.e., most of the observed 
emission is due to excited state formation followed by 
emission of a photon long before subsequent collisions 
can occur. This becomes apparent through combination 
of the data obtained by Huie et al. 14 and our own com-
puter simulations of the observed spectra. Huie et al. 
determined radiative lifetimes of 131± 15 and 103± 6 ns 
for the v' =1 and 2 levels, respectively, of BOA 211. 
They probed levels which should be associated primarily 
with the 12 = 3/2 component. These measured lifetimes 
should be compared to the mean time between collisions 
at 10 -4 Torr which is on the order of milliseconds. 
Hence, emission of a photon occurs long before subse-
quent collision. This situation need not exist for mole-
cules formed in the BO X 2Z* ground electronic state. 
The boron system is similar to most chemiluminescent 
reactions in that the quantum yield for fluorescence cor-
responds to a fraction of the total product molecules 
formed in reaction. 10 Therefore, most product mole-
cules are formed in the ground electronic state. The 
nature of vibrational transition probabilities is such that 
the time scale for an infrared transition can be com-
parable to the mean time between collisions at 10 -4 
 Torr. There are two effects which must be considered: 
(1) A molecule in the 17th vibrational level of the ground 
electronic state could be expected to have a lifetime fora 
Ay =1 transition an order of magnitude shorter (10 -4 -10-5 
 s)45 than the typical mean time between collisions. (2) A 
molecule in a high state of vibrational excitation pre-
sents a much larger effective target and thereofoIrfewiets 
effective collision frequency is expected to be much 
higher than the typical collision frequency. ,
i 
 
correlate these two factors, it is not surprising that 
rapid intramolecular collisional transfer can be induced 
between strongly interacting highly excited levels in an 
ostensibly "diffuse" molecule. 
In direct analogy to recent studies of rapid E-E trans-
fer, the rate of collision induced V-E transfer must sig-
nificantly exceed the gas kinetic collision rate. We have 
previously described a method for assessing the transfer 
rate which in the present study corresponds to Kx..A• 
If we study the relative intensities of those levels associ-
ated with the perturbed A 211(v' = 4) and X 2f,*(v" = 17) 
states as a function of pressure, we may derive the 
expression lu) ' ( m ) 
I_  A_r i 	 
I. A. L - pc ] 
where I_ corresponds to the intensity of the perturbed 
X 2f • feature, I, the intensity of the perturbed A 211 fea-
ture, A denotes the electronic plus vibrational transi-
tion probability, K. is the radiative lifetime of the A 2I1 
state, and P. corresnnmis to thn b2^round 
varies with pressure and a plot of this ratio yields 
Ki_ A (slope) and AjA.,(intercept). 47 We have begun stud- 
(21) 
(23) 
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ies of this pressure dependence for several chemilumi-
nescent reactions including B + 02 , N20, NO2 , 03 , and 
0102 . The desire is to futher chaincterize the 
and -N-20 systems and II) 	nil y +I 	 (Air! 	iil 
these systems with metatheses involving NO 2, C102 , 
and 03 followed by subsequent product interaction with 
these collision partners. Among other factors, we are 
concerned with the effect of perturbed level separation, 
the range of interaction, and its correlation with the 
polarizabilities and effective dipole moments of collision 
partners. For example, we are currently attempting to 
compare the nature of energy transfer observed in the 
single collision B-NO2 metathesis with the B--0 2 and 
B-N20 systems. These studies are complicated by ex-
tensive B0 42' formation in the NO2 system; however, it 
does appear that the collisional transfer in the B-NO 2 
system is more pronounced. It is not surprising that 
NO2 represents a more effective collision partner, for 
its dipole moment considerably exceeds that of N 20 
(and 02!). On the microscopic scale, one expects some 
dipolar-dipolar interactions between BO and NO 2 even 
among rapidly rotating collision partners. The dipole-
dipole interaction is expected to lead to very large colli-
sion and rotational inelastic cross sections, the interac-
tion being much stronger than the pronounced inductive 
effects which dominate ScO-Ar l( c ) and A10-Ar l(a) ' (b) 
 collisions. 
In view of the discussion in the fourth section, it will 
be appropriate to assess carefully the magnitude of V-E 
collisional transfer and its relation to rotational relaxa-
tion in the A 211 and X 2E* manifolds. The N20 system 
will represent a good example. Here we have begun 
studies as a function of background pressure in a re-
gion where rotational relaxation produces a tempera-
ture less than T rot =7000 K (temperature observed in 
single collision system) but greater than 2000 K (tem-
perature corresponding to maximum population in that 
ground state rotational level which transfers most ef-
ficiently). It seems apparent that these studies will 
also involve coincidental laser probing of the ground 
state. 
Vibrational and rotational distribution 
The BO* A 211 vibrational distributions observed in the 
current studies are definitely non-Boltzmann for both 
the 02 and N20 reactions. Our assessment for the B-0 2 
system would appear to differ from the analysis of 
Brzychcy et al. , 1° who indicate that the BO* emission 
is Boltzmann at 1950 K. Employing a Boltzmann dis-
tribution at 1950 K, we have been unsuccessful in our 
attempts to duplicate either the experimental emission 
spectrum in Fig. 1 or the spectrum presented by Brzychey 
et al. 10 It does appear that our vibrational distribution 
can be approximated by a Boltzmann distribution at 
2550 K. 
The rotational temperature distributions observed in 
the present studies should be contrasted with those de-
termined for ScO * B 2 E *1(e) produced in the Sc-NO 2 re-
action. Here the entire manifold of vibrational bands 
was well fit by a rotational temperature of 6000 K. 1( ` ) 
The results for both studies indicate a negative correla- 
tion between the vibrational and rotational excitation" 
of the freshly formed metal oxide product. It will be 
interesting to characterize the nature of the rotational 
temperature distribution as a function of varying reac-
tive impact parameters for product formation. 36 '" It 
seems apparent that the rotational distributions in many 
of these systems signal the presence of intriguing dy-
namic constraints."' 16(b) 
Energy balance in the B -0 2 reaction 
Under single collision conditions, the B-0 2 reaction 
leads to the population of five vibrational levels in the 
A 211 state of BO while only three levels are observed in 
the multiple collision studies. Under single collision 
conditions the available energy to populate BO excited 
states is 
EAvai Sable [.132(B0) —3:4(02) + [E iat (B) + E int (02) + 	, 
(24) 
where E in ,(B) and E 1r, t (02) are the internal energies of 
boron and 02 evaluated in a manner previously de-
scribed, 50 and E. is the relative translational energy 
of the reactants boron and 0 2 evaluated as z  kT e „ ET e„ 
defined in Eq. (22)] also as previously described. The 
boron beam ranges in temperature from 2175 to 2675 K 
and 02 is assumed to be at room temperature. If we 
take the mass spectrometric value for Dg(BO) =8.3 
± 0.05 eV 51 and 002 ) 52 =5.12 eV, we find 
EAv lable (25 653± 403 cm -1 ) + ( 2015-2405 cm -1) , 	(25) 
where the range in the second parenthesis corresponds 
to the temperature range of the boron source. The en-
ergy available to populate the A 211 state is 
EAvailable( 211) = (25 653± 403 - T 0) + (2015-2405 cm-1 ) 
= (2007± 403) + (2015-2405 cm -1 ) , 
where T 0 (.4 2p) = 23 646 cm -1 . 
Based upon the vibrational constants given in Table I, 
the available energy is sufficient to easily populate three 
vibrational quanta and very close to the precise energy 
required to populate four vibrational levels. In equating 
the translational energy to z  kT e„, 50 one considers an 
average over boron-0 2 encounters, averaging over the 
translational energy of the beam. In the present study 
it appears that emission from BO A 211, v' =4, 5 results 
in large part from the reaction of boron atoms in the 
high energy tail of the translational energy distribution. 
Put another way, the population of BO A 211, v' =5 re-
quires the reaction of boron atoms with an effective 
translational temperature T „ t = 3800 K. These results 
are consistent with the data in Table III, which indicates 
that there is a significant activation energy for forma-
tion of BO A 211. Such an activation energy will force 
the reaction of boron atoms at higher energies. 
If the boron atoms which undergo reaction are ther-
malized at higher pressure, the contribution to the avail-
able energy in Eq. (24) decreases by virtue of a decrease 
in the energy sum corresponding to the second brace. 
If the boron atoms are thermalized to 600 K, the energy 
sum El. +.E int (B) reduces to 560 cm -1 and there is only 
sufficient energy to populate two vibrational quanta in 
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the A 2II state. Hence, we observe strong emission from 
v' = 0, 1, 2 and only weak emission from v' = 3. 
Varying intensities for a = 3/2, S2=1/2 emission 
The observation of varying intensities for the A 211 3 / 2 - 
X 2Z . and A211112-X2Sf emission systems is striking as 
is the apparent correlation of their relative intensities 
with the pressure dependence of the A 2 11 3/2 radiative life-
time. The result may be rationalized by assuming a sub-
stantial 2 11 1/2 -2 E1'a excited state-ground state mixing which 
effectively decreases the A 211 1/2 transition moment rel-
ative to that of the A 211 3 / 2 state. The effect would ap-
pear to be similar to that in NO2 , where excited state-
ground state mixing produces anomalously long radia-
tive lifetimes. 53 In view of the effects observed in the 
present experiments, we suggest the careful probing 
of BO A 211 lifetimes in several regions of the spectrum 
in order to assess directly the possible effects of 211 1/2 - 
2E1 /2 mixing on the radiative processes in this system. 
Note added in proof: Clynne and Heaven (Chem. 
Phys. , in press) have recently carried out new measure-
ments of the BO A-X radiative lifetime. These authors 
determine a radiative lifetime, TR  1. 7 6 ± O. 1 3 AS for 
BO A 2 11, 11 ?•,- v' > 0, in disagreement with the results of 
Huie et al. (Ref. 14). Clynne and Heaven also determine 
transition moments, I Re I 2 , for vibrational levels v' = 0, 
4,7,9,10, and 11 which, in combination with the data 
presented in the current study, may show significant 
trends. The transition moment appears to be signifi-
cantly smaller for v' =4 and 9 relative to v' = 0, 7,10, 
and 11. Not only do these results correlate well with 
the strong A-X spin-orbit mixing (A 2 n, v' =.4 -X 2 V, 
v" =17) evidenced in . the study reported here, but also 
RKR curves generated in the present study indicate (see 
also Fig. 7) a crossing of the A 2 11 and X 2 E + states be-
tween v'= 8 and v' = 9 (closer to v' = 9). It may also be 
significant that the transition moments for v' =10 and 11 
are slightly smaller than for those for v' =0 and 7. 
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The chemiluminescent emission which results from excited state product formation upon the intimate mixing of CH4 
with F2 is shown to be dominated by visible emission from CH * (A 2 6,—X 2 11), C; (A 3 ng — X 3 11 0 ), HCF * (A 1 A"—X I A') 
and vibrationally excited HFt(X 1 E +). The corresponding reaction mixture CD4 + F2 produces the deutero analogs. This 
study represents the first observation of the HCF emission spectrum from a CH4/F2 flame. The observation of the HCF 
A 1 A"—X 1 A' emission spectrum and the corresponding DCF system allows the unequivocal assignment of these visible 
transitions to a progression dominated by the excited state bending mode. Transitions (0, u2, 0) (0, 0, 0), u2 = 1-5 for 
HCF and t)2 = 2-6 for DCF are observed. An analysis of the spectra yields the electronic and vibrational parameters To = 
17274 ± 6.8 cm -1 , w e = 1024 ± 6.4 cm -1 , w e r e = —7.7 ± 1.2 cm -1 for HCF and To = 17281 ± 8 cm -1 , we = 787.5 ± 4.4 
cm-1 , w exe = —3.86 ± 0.5 cm -1 for DCF. Each vibrational transition shows resolved K-type subbands characteristic of a 
near-symmetric rotor. Although this structure is highly perturbed for the entire HCF system, a partial rotational analysis 
has been obtained for two bands in the DCF spectrum. The derived rotational parameters are also consistent with the ob-
servation of the excited state bending mode. 
1. Introduction 
Recent studies of several hydride—halogen com- 
bustion mixtures have produced various unique or 
seldom studied free radicals in a high temperature 
combustion environment. Specific studies include 
gas—gas mixtures of 13 5 1-1 9 and B 2 H 6 with F2 [ 1 ] , 
SiH4 and Si2 H6 with F2 C1F and C1 2 [2], GeH4 with 
F2 and C1 2 [3], and N 2 H4 with F2 and C1F [4]. These 
t Present address: Space Sciences Department, Washington 
University, St. Louis, MO 63130, USA. 
* Center for Chemical and Environmental Physics, Aerodyne 
Research, Inc. Bedford, MA 01730, USA. 
studies have led to the observation of emission spec-
tra for the HBF, HSiCI, HGeC1, and HNF free radicals 
as well as several diatomic species. The observation of 
emission spectra for HAB radicals in the above sys-
tems has led to a reinvestigation of the methane—
fluorine flame. Previous studies of the methane—flu-
orine flame report C; and CH • but no researchers 
have identified Kr as an emitting species [5-11]. 
In this paper, we report the observation of the HCF 
free radical and its deutero-analog in CH 4 and CD4
-fluorine flames. Several vibrational levels in the A I A" 
excited state of HCF and DCF have been observed. 
Many of these vibronic transitions show resolvable 
K-type subbands. A partial rotational analysis is given 
for two bands in DCF. 
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2. Experimental 
The flame system is similar in design to that used 
in the study of silane-halogen chemiluminescence 
[2]. Reactions were carried out in a vacuum chamber 
at total pressures ranging from 0.5 to 5 Torr. A con-
centric nozzle arrangement [2] in which the effusing 
methane gas was bathed in excess fluorine confined 
the reaction zone to a few centimeters in diameter. 
The flow rates of the reactants and oxidants were 
measured by electronic mass flowmeters (Teledyne-
Hasting), and the total pressure in the reaction cham-
ber was monitored by a capacitance manometer 
(MKS Baratron, 0-100 Torr pressure transducer). 
The range of flow rates for fluorine was 10-200 sccm 
(standard cubic centimeters per minute at 20 ° C and 
1 atm pressure) and that for methane was 5--50 sccm. 
Fluorescence from the reaction zone of the flame was 
focused onto the entrance slit of a 1.26 m Spex scan-
ning monochromator (model 1269) operated in first 
order with an 1800 groove/mm grating blazed at 
5000 A. The aperture of the spectrometer was f/9 
with a linear dispersion of 6.5 A/mm. An RCA 
C31034 water cooled photomultiplier with a spectral 
response from 3000 A to 9200 A was attached to the 
exit slit of the spectrometer. The photon flux was 
of methane -fluorine combustion 
measured using a Spex digital photometer (DPC2) in 
the photon counting mode and was output to a chan 
recorder to provide a tracing of the emission spec-
trum. The spectrometer was periodically calibrated 
with a mercury resonance lamp. 
3. Results and discussion 
3.1. Observed spectra 
Fig. 1 shows a fast (10 A/s) scan of the chemi-
luminescence in the region 4000-9000 A which 
results from a C1-14 + F2 mixture at a total pressure of 
1.3 Torr. The principal emission features are the (0,0) 
band for the A-X transition of CH [12] at 4315 A, a 
Av = 4 sequence of HF vibratiOnal-rotational transi-
tions extending from 6500 A to 9000 A [13] and the 
A( I A")-X( I A') transition of HCF [14]. The domi-
nant features in the HCF spectrum consist of several 
complex well separated bands extending from 4500 A 
to beyond 7000 A. The bands at shorter wavelength 
are more intense and the band contours are strongly 
degraded to the violet. Between 4500 A and 5800 A, 
these bands form a regular progression with a fre-
quency interval on the order of 1000 cm -I . In addi- 
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Fig. 1. Chemiluminescent spectrum observed for the methane—fluoriAe flame. (F2)/(CH4) = 18, Ptotat = 1.3 Torr. At wavelengths 
less than 4000 A emission from C F2 is observed. 
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Fig. 2. HCF and DCF spectra in the region 6000-4300 A. The spectra are assigned to a progression in the excited state bending 
mode. See text for discussion. 
tion to the bands shown in fig. 1, there is a contin-
uum emission in the region 2200-4000 A which 
correlates with the A—X transition of C F2 [15]. The 
emission spectrum for HCF, which is discussed in 
more detail in a following section, can be correlated 
in part with the A—X [(0,1,0) (0,0,0)1 band previ-
ously observed in absorption [14]. 
When CD4 is used as the reactant, the resulting 
chemiluminescence spectrum for DCF displays the 
same qualitative features as that for HCF. Higher 
resolution spectra for HCF and DCF are shown in fig. 
2. One observes a change in frequency spacing from 
,z.--1000 cm -1 for HCF to r,--;800 cm - ' for DCF. 
The methane—fluorine flame emission shows con-
siderable variation as a function of reactant flow rate 
and concentration. Differences can be observed when 
studying the change in emission as a function of both 
oxidant to fuel ratio and total pressure. The variation 
of the emission with changes in oxidant to fuel mole 
ratio at 23 'Corr total pressure is shown in fig. 3. For 
Fig. 3. The changing emission spectrum as a function of oxi-
dant to fuel ratio. Parameters are quoted in the figure. 4500A 	5000A 	5500A 
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stialy of methanc-fluorine combust:on 
conditions involving large amounts of fluorine (high 
0/F ratio), the emission spectrum is predominantly 
due to HCF while the (0,0) band of the CH A-X 
transition (4300 A) is barely visible. As the oxidant 
to fuel ratio decreases, the CH (0,0) band becomes 
more intense while the HCF emission is diminished. 
Sharp spectral features due to the C2 Swan bands also 
begin to appear. The emission spectrum was also 
studied as a function of total pressure by holding the 
0/F mole ratio constant and increasing the total flow 
rate. For a constant 0/F mole ratio, HCF emission 
predominates at low total pressures. In summary, 
HCF emission is favored by high 0/F mole ratios and 
low total pressures whereas CH and C2 emissions are 
favored by low 0/F mole ratios and high total pres-
sures. 
3.2. SpectroscoPy of HCF 
There has been only one previous observation of 
the HCF spectrum. Merer and Travis [14] observed 
an absorption spectrum for HCF in the region 4300-
6000 A when photolyzing dibromofluoromethane. 
The HCF spectrum was tentatively assigned to a sin-
gle progression of highly coupled and perturbed 
bands. A high resolution rotational analysis of the less 
severely perturbed bands [(0,0,0)<- (0,0,0) and 
(0,1,0)*- (0,0,0)] shows them to be of type-C and to 
involve a molecule which is nonlinear in both the 
upper (127° ) and lower (102 ° ) electronic states of 
the transition. The large change in bond angle which 
accompanies the transition leads to axis switching 
effects and the appearance of Q branches (SQ, q(), r () 
corresponding to AK = 0, ±2 subbands) in addition to 
those obeying the ordinary type-C selection rule 
(AK = ±1). No isotopic labeling was reported in the 
Merer and Travis study. 
In this work, we have observed emission spectra in 
both C1-14 -F 2 and.CD4 -F2 flames. Observed spectral 
features can be assigned to the species HF, DF, CH, 
CD, C2 , HCF, and DCF (see also fig. 1). Since the 
spectra for HF, CH, and C2 (Swan bands) have been 
thoroughly investigated, we concentrate here on the 
emission from HCF and DCF. The current study rep- 
resents the first observation of emission spectra for 
this compound and the first isotopic study of the ob- 
served transition. Vibrational and electronic param- 
eters for the 'A" state of both HCF and DCF are 
Table 1 
Vibrational parameters for the A IX state of HCF 
Assignment vmeas 
(cm-1 ) a) 
*'talc 
(cm-1 ) 




18282 ± 2 c) 
19300 t 2 
18290.2 
19292.4 
8 . 2 c) 
-7.6 
030-000 20280 1 3 20278.3 -1.7 
040-000 21243 ± 3 21248.8 +5.8 
050-000 22206 ± 3 22203.8 -2.2 
010-010 16915 t 2 
000-010 15839 ± 2 
To = 17274 6.8 cm-1  
we = 1024 ± 6.4 cm-1 a,b) 
 we-lre -7.7±1.2 cm-I a , b) 
a) Quoted errors correspond to accuracy of measurements 
based on 0.5 A resolution for a typical scan. 
b) Errors estimated for w e and w exe correspond to one 
standard deviation from the mean. 
c) Also observed by Merer and Travis [ 14l . 
presented in tables 1 and 2. Lower resolution spectra 
are depicted in fig. 2. The spectra are clearly domi-
nated by a progression which we assign to the excited 
state bending mode. The current data considerably 
extend the vibrational analysis of Merer and Travis 
[14]. We observe arnd assign the additional transitions 
(0, u'2 , 0) (0, 0, 0) where v; = 2 to 5 for HCF and 2 
to 6 for DCF. The assignments are made on the basis 
of the substantial spectral shift upon deuteration, the 
Table 2 
Vibrational parameters f , r the A IA' state of DCF 
Assignment 17,,neas 
(cm-1 ) a ) 
Trcalc 
) 
vmeas - vcatc 
(cm-1 ) 
020-000 18851 ± 2 18850.1 -0.9 
030-000 19616 ± 2 19618.3 +2.3 
040-000 20380 ± 3 20378.7 -1.3 
050-000 21132 ± 3 21131.4 -0.6 
060-000 21876'± 3 21876.5 +0.5 
To = 17281 ± 8 cm-1 
we = 787.5 ± 4.4 cm-1 a , b) 
wean = -3.86 ± 0.5 enil a,b) 
a) Quoted errors correspond to accuracy of measurements 
based on 0.5 A resolution for a typical scan. 
b) Errors estimated for w e and w exe correspond to one 
standard deviation from the mean. 
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Fig. 4. Observed K structure for the (0,3,0) -4. (0,0,0) band of the X 1 A" -R I A' transition in DCF. The labeled K structure is 
detailed in table 3. The features denoted with an asterisk represent structure which is highly perturbed or not readily reproducible 
(due to flame fluctuations) upon repeated scans of the spectrum. These features were not included in the analysis to obtain the 
parameters given in table 5. 
'• • 
magnitude of the frequency separation between ob-
served bands in the progression, and the shift in the 
HCF frequency separations upon deuteration. The 
assignment to the excited state bending mode as op-
posed to a CF stretching mode is now unequivocal. 
The determined values of we and w ere should be 
compared with the value of 1021.3 cm -1 quoted by 
Merer and Travis for the upper state bending fre-
quency (based on measurements of the = 0,1 fre-
quency separation). 
Merer and Travis [14] observed severe perturba-
tions in K - 1 rotational levels of the higher vibra-
tional levels (1); > 1) of the upper A 1 A" state which 
they ascribed to interactions between the upper state  
and higher vibrational levels of the ground electronic 
state. The magnitude of the perturbations was found 
to be so extensive that it precluded further rotational 
analysis. In the present study, it has been possible to 
observe extensive K structure in several emission 
bands. However, due to higher temperatures and 
somewhat lower resolution, we have not been able to 
resolve J structure within the K-type subbands. We 
have carried out a partial rotational analysis of these 
K-type subbands- for the (0,3,0) —> (0,0,0) and 
(0,4,0) -4 (0,0,0) transitions in DCF where perturba-
tions are much less severe than observed for other 
bands such as (0,2,0)—(0,0,0). The spectra are 
depicted in figs. 4 and 5. A listing of observed fre- 
Fig. 5. Observed K structure for the (0,4,0) (0,0,0) band of the X 1 A" -5-c t A' transition in DCF. The labeled K structure is 
detailed in table 4. The features denoted with an asterisk represent structure which is highly perturbed or not readily reproducible 
(due to flame fluctuations) upon repeated scans of the spectrum. These features were not included in the analysis to obtain the 
parameters given in table 6. 
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Table 3 
Assignments and wavelengths measured for subband structure 
in DCF 030-000 
Assign- 	Xair 	171in 	vcalc 	vmean veale 
ment (A) (cm-1 ) (cm-1 ) (cm- L ) 
(K) 
Pbranch 
10 4940.2 20237 20242 -5 
9 4960.9 20153 20147 +6 
8 4984.3 20058 20060 -2 
7 5003.8 19980 19980 0 
6 a) - 19908 -- 
5 5036.3 19851 19843 +8 
4 5055.4 19776 19786 --10 
3 5064.9 19739 19736 +3 
2 5077.0 19692 19693 -1 
1 5085.8 19658 19658 
0 • 5096.7 * 19615 • 19632 • -16' 
Rbranch 
1 - - - 
2 - - 
- 
.3 5102.8 19592 19594 -2 
4 - - - - 
5 - - - - 
6 _ _ _ - 
7 - - - 
8 _ _ _ _ 
9 5070.0 19719 19720 -1 
11 - - - 
12 - - - - 
13 5008.9 19959 19954 +5 
14 4990.4 20034 20031 +3 
15 4972.8 20115 20116 +1 
16 4948.4 20204 20208 +4 
17 • 4930.2 • 20278 • 20308 * -30 ' 
• Highly perturbed - not included in fit. 
a) Overlapped bands. 
quencies and assignments is given in tables 3 and 4. 
Relative intensitives were not reproducible from 
run to run due to flame instabilities. Assignments are 
based on several runs of the spectra in addition to 
those shown. There are several intense features shown 
which are not assigned. Some of these could not be 
reproduced in other runs. Several others are most 
likely due to overlapping of adjacent bands or pertur-
bations. Linewidths were such that frequencies could 
not be determined to better than ±2  cm -1 . In addi-
tion, the asymmetry splitting is sufficiently small that 
it is not observed in these experiments and a sym-
metric rotor description is satisfactory. Given the 
accuracy of the spectral data, the nature of perturba-
tions in these systems, and the inherent instability of 
the Cal fluorine flame, we take as our expression for 
the measured frequencies 
v=A 0 +.4 1K+A 2K2 , 
where A o = vo + (A' - L''), A i = -1-2(A' - Y) and A 2 = 
(A' - B') - (A" - ff"). The fits were made using an 
iterative least-squares computer program fitting the P 
an d R branch structure (see tables 3 and 4) for the 
constants A 0 , A 1 , and A 2. The results of our analysis 
for the v2 = 3 and 4 bands are presented in tables 5 
and 6. The estimated error for the parameters quoted 
in these tables corresponds to one standard deviation. 
It is interesting to note that the value of A' - B' 
increases from t) 12 = 3 to u; = 4 also indicating the ob-
servation of a progression in the excited state bending 
mode. This phenomenon was also observed by Merer 
and Travis [14] for the u; = 0 and I levels in the HCF 
spectrum. 
Table 4 
Assignments and wavelengths measured for subband structure in DCF 040-000 
	
Pbranch 11 	4746.3 	 21064 
10 4771.5 20953 
9 	 4797.8 	20860 
8 4811.1 20780 
7 	4830.8 	20696 
6 4849.6 20615 
5 	4862.7 	20560 








Assignment (K) 	Xair (A) 
	
Vvac (cm 1 ) 
1 4 (4880.8) • (20487) - 	 - 
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* Highly perturbed - not included in fit. 
Table 5 
Rotational parameters for 030-000 band of DCF 
A' -121' = 11.9 cm-I ± 0.1 
(A' 	- (A" -TI")= 3.7 cm-1 ± 2.3 
A" -13" = 8.2 em-1 ±2.4 
origin 
vo = 19619 cro- ' 1 
Ao = 15.9 ± 2.1; A = 23.7 t 0.2; A2 = 3.7 ± 2.3 
Table 6 
Rotational parameters for 040-000 band of DCF 
= 14.4 cm-1 t 0.1 
- 13') - (A" 	= 3.4 cm-1 ±0.1 
A" - B" = 11.0 cm-I ± 0.2 
origin 
vo = 20316 cnci 
Ao = 6.0 ± 2.1; A l = 28.7 ± 0.2; A2 =3.38 ± 0.02 
4. Summary 
In the current study, we have characterized the 
chemiluminescent products of the methane-fluorine 
flame over an extensive range of conditions. We have 
observed electronic emission from C2, CH, CF 2 , and 
HCF and vibronic mission from HF; the corre-
sponding deutero compounds have also been ob-
served. This study reports the first observation of the 
Chemiluminescent emission spectrum. The first 
observation of the HCF A ' A"-X ' A' emission spec-
trum and the corresponding DCF system allows the 
assignment of these visible transitions to a progression 
dominated by the excited state bending mode. Sev-
eral vibrational levels in the A I A" excited state of 
HCF and DCF have been observed and vibrational 
constants w e and wer e obtained. As has been noted 
previously [4,14], the observed emission spectrum 
follows a pattern expected on the basis of previous 
discussions of the molecular electronic structure of 
12 and 13 valence electron HAB molecules. Many of 
t ai. j l .. .,.  .esce..., L,: study of methane—fluorine combustion 
the observed vibrational transitions for both 1 -1CF and 
DCF show resolvable K-type subbands. Although this 
structure is highly perturbed, a partial rotational anal-
ysis has been obtained for two bands in the DCF 
spectrum, the results being consistent with the 
excited state bending modes. 
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